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Direct	 ﾠsolar–to–fuels	 ﾠconversion	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠcoupling	 ﾠ
semiconductors	 ﾠwith	 ﾠwater–splitting	 ﾠcatalysts.	 ﾠA	 ﾠ10%	 ﾠor	 ﾠhigher	 ﾠsolar	 ﾠto	 ﾠfuels	 ﾠ
conversion	 ﾠis	 ﾠminimally	 ﾠnecessary	 ﾠfor	 ﾠthe	 ﾠrealization	 ﾠof	 ﾠa	 ﾠrobust	 ﾠfuture	 ﾠtechnology.	 ﾠ
Many	 ﾠwater–splitting	 ﾠdevices	 ﾠhave	 ﾠbeen	 ﾠproposed	 ﾠbut	 ﾠdue	 ﾠto	 ﾠexpensive	 ﾠdesigns	 ﾠ
and/or	 ﾠmaterials,	 ﾠnone	 ﾠhave	 ﾠdemonstrated	 ﾠthe	 ﾠnecessary	 ﾠefficiency	 ﾠat	 ﾠlow–cost	 ﾠthat	 ﾠ
is	 ﾠa	 ﾠrequisite	 ﾠfor	 ﾠlarge–scale	 ﾠimplementation.	 ﾠIn	 ﾠthis	 ﾠthesis,	 ﾠa	 ﾠmodular	 ﾠapproach	 ﾠis	 ﾠ
used	 ﾠto	 ﾠcouple	 ﾠwater–splitting	 ﾠcatalysts	 ﾠwith	 ﾠcrystalline	 ﾠsilicon	 ﾠ(c–Si)	 ﾠphotovoltaics,	 ﾠ
with	 ﾠultimate	 ﾠgoal	 ﾠof	 ﾠdemonstrating	 ﾠa	 ﾠstand–alone	 ﾠand	 ﾠdirect	 ﾠsolar-ﾭ‐to-ﾭ‐fuels	 ﾠwater–
splitting	 ﾠdevice	 ﾠcomprising	 ﾠall	 ﾠnon–precious,	 ﾠtechnology	 ﾠready,	 ﾠmaterials.	 ﾠ	 ﾠ
Since	 ﾠthe	 ﾠoxygen	 ﾠevolution	 ﾠreaction	 ﾠis	 ﾠthe	 ﾠkey	 ﾠefficiency–limiting	 ﾠstep	 ﾠfor	 ﾠ
water–splitting,	 ﾠwe	 ﾠfirst	 ﾠfocus	 ﾠon	 ﾠdirectly	 ﾠinterfacing	 ﾠoxygen	 ﾠevolution	 ﾠcatalysts	 ﾠ
with	 ﾠc–Si	 ﾠphotovoltaics.	 ﾠDue	 ﾠto	 ﾠthe	 ﾠinstability	 ﾠof	 ﾠsilicon	 ﾠunder	 ﾠoxidizing	 ﾠconditions,	 ﾠa	 ﾠ
protective	 ﾠinterface	 ﾠbetween	 ﾠthe	 ﾠPV	 ﾠand	 ﾠOER	 ﾠcatalyst	 ﾠis	 ﾠrequired.	 ﾠThis	 ﾠcoupling	 ﾠof	 ﾠ
catalyst	 ﾠto	 ﾠSi	 ﾠsemiconductor	 ﾠthus	 ﾠrequires	 ﾠoptimization	 ﾠof	 ﾠtwo	 ﾠinterfaces:	 ﾠthe	 ﾠ
silicon|protective	 ﾠlayer	 ﾠinterface;	 ﾠand,	 ﾠthe	 ﾠprotective	 ﾠlayer|catalyst	 ﾠinterface.	 ﾠA	 ﾠ
modular	 ﾠapproach	 ﾠallows	 ﾠfor	 ﾠthe	 ﾠindependent	 ﾠoptimization	 ﾠand	 ﾠanalysis	 ﾠof	 ﾠthese	 ﾠ
two	 ﾠinterfaces.	 ﾠ	 ﾠ 	 ﾠ
iv	 ﾠ
A	 ﾠstand–alone	 ﾠwater–splitting	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠc–Si	 ﾠis	 ﾠcreated	 ﾠby	 ﾠconnecting	 ﾠ
multiple	 ﾠsingle	 ﾠjunction	 ﾠc-ﾭ‐Si	 ﾠsolar	 ﾠcells	 ﾠin	 ﾠseries.	 ﾠSteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠ
analysis	 ﾠallows	 ﾠfor	 ﾠa	 ﾠtargeted	 ﾠsolar–to–fuels	 ﾠefficiency	 ﾠto	 ﾠbe	 ﾠdesigned	 ﾠwithin	 ﾠa	 ﾠ
predictive	 ﾠframework	 ﾠfor	 ﾠa	 ﾠseries–connected	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠearth–abundant	 ﾠ
water–splitting	 ﾠcatalysts	 ﾠoperating	 ﾠat	 ﾠneutral	 ﾠpH.	 ﾠGuided	 ﾠby	 ﾠsimulation	 ﾠand	 ﾠ
modeling,	 ﾠa	 ﾠcompletely	 ﾠmodular,	 ﾠstand–alone	 ﾠwater–splitting	 ﾠdevice	 ﾠpossessing	 ﾠa	 ﾠ
10%	 ﾠSFE	 ﾠis	 ﾠdemonstrated.	 ﾠImportantly,	 ﾠthe	 ﾠmodular	 ﾠapproach	 ﾠenables	 ﾠfacile	 ﾠ
characterization	 ﾠand	 ﾠtrouble–shooting	 ﾠfor	 ﾠeach	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠwater–
splitting	 ﾠdevice.	 ﾠFinally,	 ﾠas	 ﾠdirect	 ﾠsolar	 ﾠwater–splitting	 ﾠis	 ﾠfar	 ﾠfrom	 ﾠa	 ﾠmature	 ﾠ
technology,	 ﾠalternative	 ﾠconcepts	 ﾠare	 ﾠpresented	 ﾠfor	 ﾠthe	 ﾠfuture	 ﾠdesign	 ﾠand	 ﾠintegration	 ﾠ
of	 ﾠsolar	 ﾠwater–splitting	 ﾠdevices	 ﾠbased	 ﾠon	 ﾠall	 ﾠearth–abundant	 ﾠmaterials.	 ﾠ	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 ﾠblue).	 ﾠ	 ﾠ 33	 ﾠ
	 ﾠ
Figure	 ﾠ2.6	 ﾠPlane	 ﾠview	 ﾠSEM	 ﾠimages	 ﾠof	 ﾠOER–catalyts	 ﾠdeposited	 ﾠon	 ﾠsurface–protected	 ﾠ
npp+Si|electrodes.	 ﾠFrom	 ﾠleft	 ﾠto	 ﾠright	 ﾠA	 ﾠnpp+|FTO|CoBi	 ﾠand	 ﾠB	 ﾠnpp+Si|Ni|CoBi.	 ﾠ	 ﾠ 34	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Figure	 ﾠ 2.7	 ﾠO2	 ﾠproduction	 ﾠmeasured	 ﾠby	 ﾠa	 ﾠfluorescent	 ﾠsensor	 ﾠ(▬▬,	 ﾠred)	 ﾠand	 ﾠthe	 ﾠ
amount	 ﾠ produced	 ﾠ based	 ﾠ on	 ﾠ current	 ﾠ passed	 ﾠ assuming	 ﾠ 100%	 ﾠ Faradaic	 ﾠ efficiency	 ﾠ
(▬▬,	 ﾠgreen)	 ﾠfor	 ﾠ(left)	 ﾠnpp+–Si|FTO|CoBi	 ﾠand	 ﾠ(right)	 ﾠnpp+–Si|Ni|CoBi.	 ﾠ	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Figure	 ﾠ 2.8	 ﾠ Tafel	 ﾠ plots	 ﾠ of	 ﾠ (a)	 ﾠ npp+Si|ITO|CoBi	 ﾠ (b)	 ﾠ npp+Si|FTO|CoBi	 ﾠ and	 ﾠ (c)	 ﾠ
npp+Si|Ni|CoBi.	 ﾠ With	 ﾠ the	 ﾠ potential	 ﾠ applied	 ﾠ to	 ﾠ the	 ﾠ metal	 ﾠ front	 ﾠ contact	 ﾠ for	 ﾠ
measurements	 ﾠin	 ﾠthe	 ﾠdark	 ﾠ(●),	 ﾠunder	 ﾠ1	 ﾠsun	 ﾠAM	 ﾠ1.5	 ﾠillumination	 ﾠ(●),	 ﾠand	 ﾠin	 ﾠthe	 ﾠdark	 ﾠ
with	 ﾠthe	 ﾠpotential	 ﾠapplied	 ﾠthrough	 ﾠthe	 ﾠprotective	 ﾠcoating	 ﾠat	 ﾠthe	 ﾠback	 ﾠof	 ﾠthe	 ﾠsample	 ﾠ	 ﾠ
(●).	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Figure	 ﾠ2.9	 ﾠGraph	 ﾠshowing	 ﾠthe	 ﾠvariability	 ﾠin	 ﾠTafel	 ﾠslope	 ﾠfor	 ﾠvarious	 ﾠcombinations	 ﾠof	 ﾠ
OER–catalyst	 ﾠfunctionalized	 ﾠc–Si	 ﾠsolar	 ﾠcells.	 ﾠ	 ﾠThe	 ﾠred	 ﾠlines	 ﾠindicate	 ﾠthe	 ﾠvalue	 ﾠbased	 ﾠ
on	 ﾠpreviously	 ﾠreported	 ﾠTafel	 ﾠanalysis.	 ﾠ 38	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Figure	 ﾠ3.1	 ﾠSchematic	 ﾠof	 ﾠa	 ﾠwired	 ﾠand	 ﾠwireless	 ﾠPV–EC	 ﾠbased	 ﾠon	 ﾠsilicon	 ﾠsolar	 ﾠcells.	 ﾠ
Regardless	 ﾠ of	 ﾠ the	 ﾠ mode	 ﾠ of	 ﾠ coupling	 ﾠ between	 ﾠ the	 ﾠ two,	 ﾠ the	 ﾠ equivalent	 ﾠ circuit	 ﾠ is	 ﾠ
identical.	 ﾠ	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Figure	 ﾠ3.2	 ﾠBlock	 ﾠdiagram	 ﾠfor	 ﾠa	 ﾠphotovoltaic	 ﾠ(PV)	 ﾠpowered	 ﾠelectrochemical	 ﾠcell	 ﾠ(EC),	 ﾠ
where	 ﾠdirect	 ﾠelectrical	 ﾠconnection	 ﾠconstrains	 ﾠJPV	 ﾠ=	 ﾠJEC	 ﾠand	 ﾠVPV	 ﾠ=	 ﾠVEC.	 ﾠ 56	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x	 ﾠ
Figure	 ﾠ3.3	 ﾠThe	 ﾠgeneralized	 ﾠcurrent	 ﾠdensity–voltage	 ﾠ(J–V)	 ﾠdiagram	 ﾠof	 ﾠa	 ﾠcoupled	 ﾠPV–
EC	 ﾠsystem	 ﾠwhere	 ﾠthe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠof	 ﾠthe	 ﾠPV–curve	 ﾠ(▬▬,	 ﾠblue)	 ﾠand	 ﾠEC–
curve	 ﾠ(▬▬,	 ﾠred)	 ﾠrepresents	 ﾠthe	 ﾠoperational	 ﾠpoint	 ﾠand	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠ
device.	 ﾠThe	 ﾠSFE	 ﾠis	 ﾠmaximized	 ﾠwhen	 ﾠthe	 ﾠoperating	 ﾠpoint	 ﾠis	 ﾠequal	 ﾠto	 ﾠPMAX.	 ﾠ	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Figure	 ﾠ3.4	 ﾠImpact	 ﾠon	 ﾠthe	 ﾠJ–V	 ﾠcurve	 ﾠfor	 ﾠa	 ﾠPV	 ﾠdue	 ﾠto	 ﾠshunt	 ﾠ(▬▬, dark	 ﾠred)	 ﾠor	 ﾠseries	 ﾠ
(▬▬, dark	 ﾠgreen)	 ﾠresistance	 ﾠcompared	 ﾠto	 ﾠan	 ﾠideal	 ﾠJ–V	 ﾠcurve	 ﾠ(▬▬, dark	 ﾠblue).	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Figure	 ﾠ3.5	 ﾠSteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠof	 ﾠa	 ﾠPV–EC	 ﾠsystem.	 ﾠAn	 ﾠapplied	 ﾠvoltage	 ﾠis	 ﾠ
incorporated	 ﾠto	 ﾠillustrate	 ﾠanalysis	 ﾠof	 ﾠan	 ﾠexternally	 ﾠassisted	 ﾠsystem.	 ﾠ	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Figure	 ﾠ 3.6	 ﾠ Impact	 ﾠ on	 ﾠ SFE	 ﾠ via	 ﾠ improvement	 ﾠ in	 ﾠ PV	 ﾠ efficiency	 ﾠ compared	 ﾠ to	 ﾠ the	 ﾠ
baseline	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠ(–––––,	 ﾠgrey	 ﾠdash).	 ﾠGiven	 ﾠoptimal	 ﾠcoupling	 ﾠbetween	 ﾠthe	 ﾠPV	 ﾠand	 ﾠ
EC	 ﾠcomponents	 ﾠ(Top)	 ﾠa	 ﾠhigher	 ﾠrelative	 ﾠSFE	 ﾠcan	 ﾠbe	 ﾠobtained	 ﾠby	 ﾠimproving	 ﾠthe	 ﾠJSC	 ﾠ
(▬▬,	 ﾠ green)	 ﾠ as	 ﾠ opposed	 ﾠ to	 ﾠ the	 ﾠ VOC	 ﾠ(–––––,	 ﾠ dashed	 ﾠ green).	 ﾠ Given	 ﾠ poor	 ﾠ coupling	 ﾠ
between	 ﾠthe	 ﾠbaseline	 ﾠPV	 ﾠand	 ﾠEC	 ﾠ(bottom),	 ﾠonly	 ﾠminor	 ﾠimprovements	 ﾠin	 ﾠthe	 ﾠSFE	 ﾠcan	 ﾠ
be	 ﾠobtained.	 ﾠ	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Figure	 ﾠ3.7	 ﾠJ–V	 ﾠcurves	 ﾠof	 ﾠmultiple	 ﾠseries	 ﾠconnected	 ﾠsolar	 ﾠcells	 ﾠwith	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠ(▬▬,	 ﾠ
grey)	 ﾠand	 ﾠEC	 ﾠcurves	 ﾠ(▬▬,	 ﾠdark	 ﾠblue).	 ﾠThe	 ﾠnumber	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠrequired	 ﾠchanges	 ﾠ
based	 ﾠon	 ﾠchoice	 ﾠof	 ﾠcatalyst	 ﾠwhich	 ﾠcauses	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠto	 ﾠshift	 ﾠleft	 ﾠor	 ﾠright	 ﾠand	 ﾠ
resistive	 ﾠlosses	 ﾠdue	 ﾠto	 ﾠRSOL	 ﾠcause	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠto	 ﾠtilt	 ﾠdown.	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Figure	 ﾠ3.8	 ﾠImpact	 ﾠof	 ﾠsolution	 ﾠresistance	 ﾠand	 ﾠEC	 ﾠparameters	 ﾠon	 ﾠSFE	 ﾠgiven	 ﾠηPV	 ﾠ=	 ﾠ20%.	 ﾠ
Case	 ﾠI	 ﾠEC	 ﾠparameters	 ﾠ(▬▬,	 ﾠgreen)	 ﾠare	 ﾠbased	 ﾠon	 ﾠutilizing	 ﾠthe	 ﾠCo–OEC	 ﾠand	 ﾠCase	 ﾠII	 ﾠEC	 ﾠ
(▬▬,	 ﾠnavy)	 ﾠare	 ﾠbased	 ﾠon	 ﾠutilizing	 ﾠthe	 ﾠNi–OEC.	 ﾠ 65	 ﾠ
	 ﾠ
Figure	 ﾠ3.9	 ﾠGraphical	 ﾠdemonstration	 ﾠof	 ﾠhow	 ﾠthe	 ﾠpredictive	 ﾠanalysis	 ﾠworks	 ﾠfor	 ﾠPV–
assisted	 ﾠ reactions,	 ﾠ where	 ﾠ the	 ﾠ PV–curve	 ﾠ (▬▬,	 ﾠ blue)	 ﾠ is	 ﾠ based	 ﾠ on	 ﾠ the	 ﾠ J–V	 ﾠ
characteristics	 ﾠof	 ﾠan	 ﾠin–house	 ﾠbuilt	 ﾠsingle	 ﾠjunction	 ﾠc–Si	 ﾠPV	 ﾠand	 ﾠthe	 ﾠEC–curve	 ﾠ(▬▬,	 ﾠ
red)	 ﾠis	 ﾠbased	 ﾠon	 ﾠthe	 ﾠCoBi	 ﾠwater–oxidation	 ﾠcatalyst	 ﾠoperating	 ﾠin	 ﾠpH	 ﾠ9.2	 ﾠsolution.	 ﾠ	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Figure	 ﾠ 3.10	 ﾠ Predicted	 ﾠ Tafel	 ﾠ behavior	 ﾠ of	 ﾠ a	 ﾠ PV–assisted	 ﾠ water	 ﾠ oxidation	 ﾠ system	 ﾠ
similar	 ﾠto	 ﾠthe	 ﾠexperiments	 ﾠdescribed	 ﾠin	 ﾠChapter	 ﾠ2.	 ﾠThe	 ﾠelectrical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠ
PV	 ﾠ (shown	 ﾠ in	 ﾠ Fig.	 ﾠ 3.8)	 ﾠ and	 ﾠ EC	 ﾠ systems	 ﾠ were	 ﾠ measured	 ﾠ independently	 ﾠ (●,	 ﾠ black	 ﾠ
dots)	 ﾠand	 ﾠused	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠcoupled	 ﾠbehavior	 ﾠ(▬▬,	 ﾠblack).	 ﾠThe	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠ
the	 ﾠPV–assisted	 ﾠphotoanode	 ﾠ(●,	 ﾠred	 ﾠdots)	 ﾠand	 ﾠpredicted	 ﾠbehavior	 ﾠmatch	 ﾠto	 ﾠwithin	 ﾠ
10	 ﾠmV.	 ﾠ	 ﾠ 67	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Figure	 ﾠ4.1	 ﾠSchematic	 ﾠof	 ﾠa	 ﾠPV–EC	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠseries–connected	 ﾠsingle–junction	 ﾠ
c–Si	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠwater–splitting	 ﾠcatalyst.	 ﾠIn	 ﾠthis	 ﾠconfiguration	 ﾠthe	 ﾠOER–catalyst	 ﾠis	 ﾠ
directly	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠback	 ﾠof	 ﾠthe	 ﾠlast	 ﾠsolar	 ﾠcell	 ﾠin	 ﾠthe	 ﾠstack.	 ﾠ	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Figure	 ﾠ 4.2	 ﾠ Schematic	 ﾠ of	 ﾠ a	 ﾠ PV–EC	 ﾠ device	 ﾠ used	 ﾠ in	 ﾠ these	 ﾠ studies.	 ﾠ In	 ﾠ this	 ﾠ modular	 ﾠ
configuration	 ﾠeach	 ﾠcomponent	 ﾠcan	 ﾠbe	 ﾠeasily	 ﾠevaluated	 ﾠand	 ﾠreplaced	 ﾠindependently.
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Figure	 ﾠ4.3	 ﾠJ–V	 ﾠcurves	 ﾠof	 ﾠthe	 ﾠindividually	 ﾠmeasure	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠmaking	 ﾠup	 ﾠ
the	 ﾠPV–EC	 ﾠdevice.	 ﾠThe	 ﾠgrey	 ﾠcurves	 ﾠrepresent	 ﾠthe	 ﾠJ–V	 ﾠcurves	 ﾠfor	 ﾠthe	 ﾠPV	 ﾠmodules	 ﾠ
composed	 ﾠof	 ﾠeither	 ﾠthree	 ﾠ(––––,	 ﾠgrey–dashed)	 ﾠor	 ﾠfour	 ﾠ ▬▬ grey–solid)	 ﾠsingle– ( ,	 ﾠ
junction	 ﾠ c–Si	 ﾠ solar	 ﾠ cells	 ﾠ measure	 ﾠ under	 ﾠ AM	 ﾠ 1.5	 ﾠ illumination.	 ﾠ The	 ﾠ red	 ﾠ curves	 ﾠ
represent	 ﾠelectrochemical	 ﾠload	 ﾠJ–V	 ﾠcurves	 ﾠusing	 ﾠNiBi	 ﾠand	 ﾠNiMoZn	 ﾠcatalysts,	 ﾠwhere	 ﾠ
the	 ﾠ ideal	 ﾠ EC	 ﾠ curve	 ﾠ (––––,	 ﾠ red–dashed)	 ﾠ is	 ﾠ based	 ﾠ on	 ﾠ previously	 ﾠ reported	 ﾠ Tafel	 ﾠ
analysis	 ﾠand	 ﾠthe	 ﾠactual	 ﾠEC	 ﾠcurve	 ﾠ(▬▬,	 ﾠred)	 ﾠmeasured	 ﾠin	 ﾠa	 ﾠ2–electrode	 ﾠexperiment	 ﾠ
(0.5M	 ﾠKBi	 ﾠ/	 ﾠ0.5M	 ﾠK2SO4,	 ﾠpH	 ﾠ9.2).	 ﾠThe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠrepresents	 ﾠthe	 ﾠJOP	 ﾠ(●,	 ﾠ
orange	 ﾠcircles)	 ﾠand	 ﾠthe	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠsystem.	 ﾠ 78	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Figure	 ﾠ4.4.	 ﾠSteady–state	 ﾠcurrent	 ﾠvoltage	 ﾠbehavior	 ﾠfor	 ﾠthe	 ﾠNiBi	 ﾠoperating	 ﾠin	 ﾠ0.5M	 ﾠKBi	 ﾠ
/	 ﾠ0.5	 ﾠM	 ﾠK2SO4	 ﾠpH	 ﾠ9.2	 ﾠin	 ﾠH2	 ﾠsaturated	 ﾠsolution	 ﾠ(●)	 ﾠand	 ﾠin	 ﾠAr	 ﾠsaturated	 ﾠsolution	 ﾠ(▲).	 ﾠ
Since	 ﾠthe	 ﾠvoltage	 ﾠrequired	 ﾠto	 ﾠachieve	 ﾠa	 ﾠgiven	 ﾠcurrent	 ﾠdensity	 ﾠunder	 ﾠboth	 ﾠconditions	 ﾠ
is	 ﾠalmost	 ﾠidentical	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠcontribution	 ﾠof	 ﾠH2	 ﾠoxidation	 ﾠat	 ﾠthe	 ﾠanode	 ﾠis	 ﾠ
negligible.	 ﾠ	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Figure	 ﾠ 4.5	 ﾠ Current	 ﾠ under	 ﾠ chopped	 ﾠ illumination	 ﾠ representing	 ﾠ JOP	 ﾠ for	 ﾠ the	 ﾠ PV–EC	 ﾠ
device	 ﾠin	 ﾠ0.5M	 ﾠKBi	 ﾠ/	 ﾠ0.5M	 ﾠK2SO4	 ﾠpH9.2.	 ﾠThe	 ﾠchopped	 ﾠillumination	 ﾠillustrates	 ﾠthe	 ﾠ
recovery	 ﾠin	 ﾠSFE	 ﾠand	 ﾠreproducibility	 ﾠin	 ﾠmeasuring	 ﾠJOP	 ﾠthrough	 ﾠthe	 ﾠPV-ﾭ‐EC	 ﾠdevice	 ﾠ	 ﾠ 83	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Figure	 ﾠ4.6	 ﾠDecay	 ﾠof	 ﾠthe	 ﾠopen–circuit	 ﾠvoltage	 ﾠof	 ﾠthe	 ﾠ4–cell	 ﾠPV	 ﾠmini–module	 ﾠover	 ﾠthe	 ﾠ
course	 ﾠof	 ﾠ~15	 ﾠmin.	 ﾠThe	 ﾠinitial	 ﾠVOC	 ﾠat	 ﾠ2.42	 ﾠV	 ﾠdecays	 ﾠto	 ﾠa	 ﾠsteady–state	 ﾠof	 ﾠ2.27	 ﾠV	 ﾠafter	 ﾠ
the	 ﾠfirst	 ﾠ10	 ﾠmin	 ﾠ(▬▬,	 ﾠorange),	 ﾠwhich	 ﾠcontributes	 ﾠto	 ﾠthe	 ﾠinitial	 ﾠdecline	 ﾠin	 ﾠthe	 ﾠSFE	 ﾠof	 ﾠ
the	 ﾠ coupled	 ﾠ PV–EC	 ﾠ device.	 ﾠ After	 ﾠ overnight	 ﾠ illumination,	 ﾠ the	 ﾠ Voc	 ﾠ was	 ﾠ measured	 ﾠ
(▬▬,	 ﾠblue)	 ﾠand	 ﾠshows	 ﾠa	 ﾠslight	 ﾠrecovery	 ﾠto	 ﾠ2.31	 ﾠV,	 ﾠwhich	 ﾠcorresponds	 ﾠto	 ﾠthe	 ﾠinitial	 ﾠ
increase	 ﾠin	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠduring	 ﾠthe	 ﾠfirst	 ﾠ24	 ﾠh.	 ﾠ	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Figure	 ﾠ4.7	 ﾠSpecific	 ﾠconductance	 ﾠmeasurements	 ﾠfor	 ﾠvarious	 ﾠelectrolytes	 ﾠconsidered	 ﾠ
to	 ﾠminimize	 ﾠRSOL.	 ﾠKOH	 ﾠ(∎,	 ﾠred	 ﾠsquares)	 ﾠis	 ﾠthe	 ﾠmost	 ﾠconductive	 ﾠelectrolyte;	 ﾠin	 ﾠorder	 ﾠ
to	 ﾠoperate	 ﾠin	 ﾠpH	 ﾠnear	 ﾠneutral	 ﾠregimes	 ﾠ0.5M	 ﾠKBi	 ﾠwas	 ﾠused	 ﾠwith	 ﾠadditional	 ﾠsupporting	 ﾠ
electrolyte,	 ﾠsuch	 ﾠas	 ﾠKNO3	 ﾠ(●,	 ﾠgreen	 ﾠcircles)	 ﾠor	 ﾠK2SO4	 ﾠ(●,	 ﾠblack	 ﾠcircles).	 ﾠ	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Figure	 ﾠ4.8	 ﾠGas	 ﾠquantification	 ﾠfor	 ﾠNiMoZn	 ﾠcathode	 ﾠoperating	 ﾠin	 ﾠ(left)	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠ
K2SO4	 ﾠand	 ﾠ(right)	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠKNO3	 ﾠboth	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThe	 ﾠblack	 ﾠline	 ﾠrepresents	 ﾠ100%	 ﾠ
Faradaic	 ﾠefficiency	 ﾠbased	 ﾠon	 ﾠthe	 ﾠcharge	 ﾠpasses	 ﾠduring	 ﾠelectrolysis.	 ﾠThe	 ﾠgreen	 ﾠcircles	 ﾠ	 ﾠ 	 ﾠ
	 ﾠ
xii	 ﾠ
represent	 ﾠ H2	 ﾠ measured	 ﾠ by	 ﾠ gas	 ﾠ chromatography.	 ﾠ The	 ﾠ red	 ﾠ arrow	 ﾠ indicates	 ﾠ when	 ﾠ
electrolysis	 ﾠ was	 ﾠ stopped.	 ﾠ GC	 ﾠ analysis	 ﾠ was	 ﾠ conducted	 ﾠ until	 ﾠ the	 ﾠ moles	 ﾠ of	 ﾠ gas	 ﾠ
measured	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠreached	 ﾠa	 ﾠsteady–state.	 ﾠThe	 ﾠlag	 ﾠperiod	 ﾠ( ,	 ﾠblack)	 ﾠin	 ﾠ ▬▬
gas	 ﾠgeneration	 ﾠis	 ﾠdue	 ﾠto	 ﾠthe	 ﾠbuildup	 ﾠof	 ﾠgases	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠof	 ﾠthe	 ﾠEC	 ﾠcell.	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Figure	 ﾠ4.9	 ﾠGas	 ﾠquantification	 ﾠfor	 ﾠNiBi	 ﾠcathode	 ﾠoperating	 ﾠin	 ﾠ(left)	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠK2SO4	 ﾠ
and	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThe	 ﾠblack	 ﾠline	 ﾠrepresents	 ﾠ100%	 ﾠFaradaic	 ﾠefficiency	 ﾠbased	 ﾠon	 ﾠthe	 ﾠ
charge	 ﾠpasses	 ﾠduring	 ﾠelectrolysis.	 ﾠThe	 ﾠgreen	 ﾠcircles	 ﾠrepresent	 ﾠO2	 ﾠmeasured	 ﾠby	 ﾠgas	 ﾠ
chromatography.	 ﾠ The	 ﾠ red	 ﾠ arrow	 ﾠ indicates	 ﾠ when	 ﾠ electrolysis	 ﾠ was	 ﾠ stopped.	 ﾠ GC	 ﾠ
analysis	 ﾠwas	 ﾠconducted	 ﾠuntil	 ﾠthe	 ﾠmoles	 ﾠof	 ﾠgas	 ﾠmeasured	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠreached	 ﾠa	 ﾠ
steady–state.	 ﾠThe	 ﾠlag	 ﾠperiod	 ﾠ( ,	 ﾠblack)	 ﾠin	 ﾠgas	 ﾠgeneration	 ﾠis	 ﾠdue	 ﾠto	 ﾠthe	 ﾠbuildup	 ﾠof	 ﾠ ▬▬
gases	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠof	 ﾠthe	 ﾠEC	 ﾠcell.	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Figure	 ﾠ 4.10	 ﾠ Current	 ﾠ under	 ﾠ chopped	 ﾠ illumination	 ﾠ representing	 ﾠ JOP	 ﾠ for	 ﾠ a	 ﾠ PV–EC	 ﾠ
device	 ﾠ composed	 ﾠ of	 ﾠ a	 ﾠ 3–cell	 ﾠ PV–module,	 ﾠ a	 ﾠ NiBi	 ﾠ anode,	 ﾠ and	 ﾠ NiMoZn	 ﾠ cathode	 ﾠ
operating	 ﾠ in	 ﾠ 1M	 ﾠ KOH.	 ﾠ Because	 ﾠ KOH	 ﾠ is	 ﾠ a	 ﾠ more	 ﾠ conductive	 ﾠ electrolyte,	 ﾠ a	 ﾠ 12%	 ﾠ or	 ﾠ
greater	 ﾠSFE	 ﾠcan	 ﾠbe	 ﾠobtain	 ﾠwith	 ﾠa	 ﾠ3–cell	 ﾠPV	 ﾠmodule	 ﾠas	 ﾠopposed	 ﾠto	 ﾠa	 ﾠ4–cell	 ﾠmodule.	 ﾠ
The	 ﾠinitial	 ﾠdrop	 ﾠin	 ﾠSFE	 ﾠis	 ﾠdue	 ﾠto	 ﾠthe	 ﾠdecrease	 ﾠin	 ﾠPV	 ﾠefficiency,	 ﾠdue	 ﾠto	 ﾠheating	 ﾠof	 ﾠthe	 ﾠ
PV–module.	 ﾠThe	 ﾠchopped	 ﾠillumination	 ﾠrepresents	 ﾠthe	 ﾠrecovery	 ﾠin	 ﾠSFE.	 ﾠ	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Figure	 ﾠ4.11	 ﾠJ–V	 ﾠcurves	 ﾠof	 ﾠthe	 ﾠindividually	 ﾠmeasure	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠmaking	 ﾠ
up	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠoperating	 ﾠin	 ﾠ1M	 ﾠKOH.	 ﾠThe	 ﾠgrey	 ﾠcurves	 ﾠrepresent	 ﾠthe	 ﾠJ–V	 ﾠcurves	 ﾠ
for	 ﾠthe	 ﾠPV	 ﾠmodules	 ﾠcomposed	 ﾠof	 ﾠeither	 ﾠthree	 ﾠ(–––––,	 ﾠgrey–dashed)	 ﾠor	 ﾠfour	 ﾠ(▬▬,	 ﾠ
grey–solid)	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠmeasure	 ﾠunder	 ﾠAM	 ﾠ1.5	 ﾠillumination.	 ﾠThe	 ﾠ
blue	 ﾠ curves	 ﾠ represent	 ﾠ electrochemical	 ﾠ load	 ﾠ J–V	 ﾠ curves	 ﾠ using	 ﾠ NiBi	 ﾠ and	 ﾠ NiMoZn	 ﾠ
catalysts,	 ﾠ where	 ﾠ the	 ﾠ ideal	 ﾠ EC	 ﾠ curve	 ﾠ (–––––,	 ﾠ blue–dashed)	 ﾠ is	 ﾠ based	 ﾠ on	 ﾠ previously	 ﾠ
reported	 ﾠTafel	 ﾠanalysis	 ﾠand	 ﾠthe	 ﾠactual	 ﾠEC	 ﾠcurve	 ﾠ( ,	 ﾠblue–solid)	 ﾠmeasured	 ﾠin	 ﾠa	 ﾠ2– ▬▬
electrode	 ﾠexperiment.	 ﾠThe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠrepresents	 ﾠthe	 ﾠJOP	 ﾠ(●,	 ﾠorange	 ﾠcircles)	 ﾠ
and	 ﾠthe	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠsystem.	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Figure	 ﾠ4.12	 ﾠSFE	 ﾠinferred	 ﾠfrom	 ﾠJOP	 ﾠfor	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠoperating	 ﾠin	 ﾠ0.5M	 ﾠKBi	 ﾠ/	 ﾠ0.5M	 ﾠ
K2SO4	 ﾠpH	 ﾠ9.2	 ﾠmeasured	 ﾠfor	 ﾠover	 ﾠ7	 ﾠdays	 ﾠof	 ﾠoperation	 ﾠshowing	 ﾠno	 ﾠdecrease	 ﾠin	 ﾠSFE	 ﾠ
over	 ﾠ operation	 ﾠ time.	 ﾠ Spikes	 ﾠ are	 ﾠ due	 ﾠ to	 ﾠ the	 ﾠ addition	 ﾠ of	 ﾠ solution	 ﾠ to	 ﾠ maintain	 ﾠ the	 ﾠ
solution	 ﾠlevel	 ﾠand	 ﾠpH.	 ﾠ	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Figure	 ﾠ5.1	 ﾠTafel	 ﾠplot	 ﾠof	 ﾠa	 ﾠsputtered	 ﾠNiFeO	 ﾠOER	 ﾠcatalyst	 ﾠoperating	 ﾠin	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠ
1.5M	 ﾠKNO3	 ﾠpH	 ﾠ9.2.	 ﾠA	 ﾠTafel	 ﾠslope	 ﾠof	 ﾠ45	 ﾠmV	 ﾠdecade–1	 ﾠis	 ﾠobserved	 ﾠfor	 ﾠa	 ﾠ50	 ﾠnm	 ﾠ(∎),	 ﾠ100	 ﾠ
nm	 ﾠ(●) and	 ﾠ200	 ﾠnm	 ﾠ(▲)	 ﾠthick	 ﾠNiFeO	 ﾠfilm.	 ﾠInset:	 ﾠSEM	 ﾠimage	 ﾠof	 ﾠa	 ﾠNiFeO	 ﾠshows	 ﾠa	 ﾠvery	 ﾠ
dense,	 ﾠcompact	 ﾠfilm.	 ﾠ 102	 ﾠ
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Figure	 ﾠ 5.2	 ﾠTafel	 ﾠplots	 ﾠof	 ﾠ200	 ﾠnm	 ﾠthick	 ﾠNiFeO	 ﾠ(81%	 ﾠmol	 ﾠNi,	 ﾠ19%	 ﾠmol	 ﾠFe)	 ﾠon	 ﾠNi-ﾭ‐
coated	 ﾠglass	 ﾠoperated	 ﾠin	 ﾠ(▲)	 ﾠ0.2	 ﾠM	 ﾠKPi,	 ﾠpH	 ﾠ7.0,	 ﾠ92	 ﾠmV	 ﾠdecade–1	 ﾠslope;	 ﾠ(■)	 ﾠ0.2	 ﾠM	 ﾠKBi,	 ﾠ
pH	 ﾠ9.3,	 ﾠ61	 ﾠmV	 ﾠdecade–1	 ﾠslope;	 ﾠ(●)	 ﾠ1.0	 ﾠM	 ﾠKOH,	 ﾠpH	 ﾠ13.9,	 ﾠ45	 ﾠmV	 ﾠdecade–1	 ﾠslope.	 ﾠ 103	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Figure	 ﾠ 5.3	 ﾠ Tafel	 ﾠ analysis	 ﾠ of	 ﾠ Co–OEC	 ﾠ films	 ﾠ formed	 ﾠ and	 ﾠ operated	 ﾠ in	 ﾠ KBi	 ﾠ(●)	 ﾠ as	 ﾠ
opposed	 ﾠto	 ﾠKPi	 ﾠ(●)	 ﾠsolution.	 ﾠ	 ﾠThe	 ﾠfilms	 ﾠformed	 ﾠfrom	 ﾠKBi	 ﾠexhibit	 ﾠa	 ﾠlower	 ﾠTafel	 ﾠslope	 ﾠ
and	 ﾠtherefore	 ﾠdemonstrate	 ﾠhigher	 ﾠactivity	 ﾠthan	 ﾠthose	 ﾠformed	 ﾠin	 ﾠKPi.	 ﾠ	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Figure	 ﾠ5.4	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠCo–OEC’s	 ﾠformed	 ﾠfrom	 ﾠanodizing	 ﾠmetallic	 ﾠcobalt	 ﾠin	 ﾠKBi	 ﾠ
solution.	 ﾠIn	 ﾠall	 ﾠcases	 ﾠthe	 ﾠCo–OEC	 ﾠexhibits	 ﾠa	 ﾠTafel	 ﾠslope	 ﾠof	 ﾠ60	 ﾠmV	 ﾠdecade–1,	 ﾠhowever	 ﾠ
starting	 ﾠ with	 ﾠ thicker	 ﾠ metallic	 ﾠ films	 ﾠ produces	 ﾠ Co–OEC’s	 ﾠ with	 ﾠ higher	 ﾠ activity	 ﾠ than	 ﾠ
thinner	 ﾠfilms.	 ﾠ	 ﾠ 105	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Figure	 ﾠ 5.5	 ﾠThe	 ﾠcurrent	 ﾠdensity	 ﾠtraces	 ﾠshow	 ﾠthat	 ﾠrecirculating	 ﾠstreams	 ﾠallow	 ﾠthe	 ﾠ
device	 ﾠ to	 ﾠ function	 ﾠ stably	 ﾠ and	 ﾠ continuously	 ﾠ (purple	 ﾠ trace),	 ﾠ while	 ﾠ without	 ﾠ
recirculation	 ﾠthe	 ﾠdevice	 ﾠperformance	 ﾠdeteriorates	 ﾠas	 ﾠconcentration	 ﾠgradients	 ﾠform	 ﾠ
across	 ﾠ the	 ﾠ cell	 ﾠ and	 ﾠ ionic	 ﾠ species	 ﾠ are	 ﾠ depleted	 ﾠ in	 ﾠ the	 ﾠ oxygen-ﾭ‐evolution	 ﾠ side	 ﾠ (red	 ﾠ
trace).	 ﾠ The	 ﾠ inset	 ﾠ in	 ﾠ the	 ﾠ graph	 ﾠ corresponds	 ﾠ to	 ﾠ a	 ﾠ schematic	 ﾠ representation	 ﾠ of	 ﾠ the	 ﾠ
parallel-ﾭ‐plate	 ﾠsolar-ﾭ‐hydrogen	 ﾠgenerator.	 ﾠReprinted	 ﾠwith	 ﾠpermission	 ﾠfrom	 ﾠreference	 ﾠ
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 ﾠkeep	 ﾠon	 ﾠgoing.	 ﾠI	 ﾠalso	 ﾠadmire	 ﾠLiz’s	 ﾠno	 ﾠnonsense	 ﾠattitude	 ﾠand	 ﾠthe	 ﾠability	 ﾠto	 ﾠ
always	 ﾠstand	 ﾠup	 ﾠfor	 ﾠherself	 ﾠand	 ﾠothers	 ﾠwithout	 ﾠbeing	 ﾠshy	 ﾠor	 ﾠafraid	 ﾠwhat	 ﾠothers	 ﾠ
might	 ﾠthink.	 ﾠ	 ﾠ
	 ﾠ
I	 ﾠwill	 ﾠalso	 ﾠhave	 ﾠto	 ﾠthank	 ﾠDr.	 ﾠMatt	 ﾠKanan	 ﾠfor	 ﾠalways	 ﾠbeing	 ﾠso	 ﾠinspiring	 ﾠand	 ﾠkind	 ﾠeven	 ﾠ
to	 ﾠa	 ﾠlowly	 ﾠfirst	 ﾠyear	 ﾠgraduate	 ﾠstudent.	 ﾠI	 ﾠwas	 ﾠalways	 ﾠso	 ﾠimpressed	 ﾠseeing	 ﾠhim	 ﾠat	 ﾠthe	 ﾠ
Miracle	 ﾠof	 ﾠScience	 ﾠevery	 ﾠSaturday	 ﾠwith	 ﾠa	 ﾠnew	 ﾠscientific	 ﾠpaper	 ﾠto	 ﾠread	 ﾠalong	 ﾠside	 ﾠa	 ﾠ
beer	 ﾠand	 ﾠburger.	 ﾠI	 ﾠalso	 ﾠappreciate	 ﾠthe	 ﾠfriendship	 ﾠwe	 ﾠhave	 ﾠmaintained	 ﾠover	 ﾠthe	 ﾠyears	 ﾠ
and	 ﾠhow	 ﾠhe	 ﾠalways	 ﾠmakes	 ﾠtime	 ﾠto	 ﾠmeet	 ﾠme	 ﾠfor	 ﾠa	 ﾠdrink	 ﾠwhen	 ﾠhe	 ﾠis	 ﾠtown.	 ﾠ	 ﾠ
	 ﾠ
Additionally	 ﾠI	 ﾠwould	 ﾠlike	 ﾠto	 ﾠthank	 ﾠDr.	 ﾠSteve	 ﾠReece.	 ﾠAlthough	 ﾠwe	 ﾠdidn’t	 ﾠoverlap,	 ﾠbeing	 ﾠ
the	 ﾠgreat	 ﾠmentor	 ﾠthat	 ﾠhe	 ﾠis	 ﾠreally	 ﾠhelped	 ﾠme	 ﾠa	 ﾠlot	 ﾠduring	 ﾠmy	 ﾠfirst	 ﾠfew	 ﾠyears	 ﾠin	 ﾠ
graduate	 ﾠschool.	 ﾠ
	 ﾠ	 ﾠ	 ﾠ 	 ﾠ
	 ﾠ
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Dr.	 ﾠMark	 ﾠWinkler	 ﾠwas	 ﾠa	 ﾠgreat	 ﾠcolleague	 ﾠand	 ﾠcollaborator.	 ﾠFor	 ﾠhaving	 ﾠso	 ﾠmany	 ﾠ
helpful	 ﾠmeetings	 ﾠand	 ﾠpep	 ﾠtalks	 ﾠnow	 ﾠand	 ﾠthen.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠJoep	 ﾠPijpers	 ﾠgot	 ﾠme	 ﾠstarted	 ﾠon	 ﾠmy	 ﾠproject	 ﾠand	 ﾠwas	 ﾠa	 ﾠgreat	 ﾠmentor	 ﾠduring	 ﾠthe	 ﾠ
short	 ﾠtime	 ﾠperiod	 ﾠwe	 ﾠworked	 ﾠtogether.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠDino	 ﾠVillagran	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠnicest	 ﾠpeople	 ﾠbut	 ﾠsomehow	 ﾠhas	 ﾠmade	 ﾠevery	 ﾠfemale	 ﾠin	 ﾠ
lab	 ﾠcry	 ﾠover	 ﾠsome	 ﾠridiculous	 ﾠthing.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠAlex	 ﾠRadosevich	 ﾠfor	 ﾠteaching	 ﾠevery	 ﾠone	 ﾠhow	 ﾠto	 ﾠbootie	 ﾠbomb.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠBob	 ﾠMcGuire	 ﾠfor	 ﾠbeing	 ﾠsuch	 ﾠa	 ﾠfun	 ﾠand	 ﾠnice	 ﾠperson.	 ﾠ
	 ﾠ
Dr.	 ﾠDilek	 ﾠDoğutan	 ﾠand	 ﾠI	 ﾠjoined	 ﾠthe	 ﾠNocera	 ﾠlab	 ﾠaround	 ﾠthe	 ﾠsame	 ﾠtime.	 ﾠIt	 ﾠhas	 ﾠbeen	 ﾠnice	 ﾠ
seeing	 ﾠher	 ﾠprogress	 ﾠfrom	 ﾠa	 ﾠpost–doc	 ﾠto	 ﾠher	 ﾠcurrent	 ﾠposition	 ﾠwhere	 ﾠshe	 ﾠhas	 ﾠso	 ﾠmuch	 ﾠ
leadership	 ﾠresponsibility.	 ﾠShe	 ﾠreally	 ﾠhelps	 ﾠfacilitate	 ﾠthe	 ﾠresearch	 ﾠin	 ﾠour	 ﾠlab	 ﾠon	 ﾠa	 ﾠdaily	 ﾠ
basis.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠDavid	 ﾠPowers	 ﾠfor	 ﾠgiving	 ﾠgreat	 ﾠpep–talks	 ﾠduring	 ﾠthis	 ﾠlast	 ﾠmonth	 ﾠand	 ﾠbeing	 ﾠa	 ﾠgood	 ﾠ
friend.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠEric	 ﾠBloch	 ﾠhas	 ﾠbeen	 ﾠsomeone	 ﾠI	 ﾠhave	 ﾠonly	 ﾠknown	 ﾠa	 ﾠshort	 ﾠtime	 ﾠbut	 ﾠhas	 ﾠbeen	 ﾠa	 ﾠ
really	 ﾠfun	 ﾠand	 ﾠkind	 ﾠperson.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠTom	 ﾠKempa	 ﾠfor	 ﾠreading	 ﾠover	 ﾠportions	 ﾠof	 ﾠmy	 ﾠthesis	 ﾠand	 ﾠfor	 ﾠall	 ﾠof	 ﾠour	 ﾠlong	 ﾠtalks	 ﾠ
about	 ﾠscience.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠChris	 ﾠGagliardi	 ﾠfor	 ﾠbeing	 ﾠsuch	 ﾠa	 ﾠnice	 ﾠand	 ﾠfunny	 ﾠperson.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠEmily	 ﾠMcClaurin	 ﾠfor	 ﾠbeing	 ﾠsuch	 ﾠa	 ﾠgood	 ﾠfriend	 ﾠto	 ﾠme	 ﾠduring	 ﾠmy	 ﾠfirst	 ﾠfew	 ﾠyears.	 ﾠ
She	 ﾠalways	 ﾠput	 ﾠup	 ﾠwith	 ﾠmy	 ﾠcrisis	 ﾠ(which	 ﾠwere	 ﾠfairly	 ﾠoften).	 ﾠShe	 ﾠtaught	 ﾠme	 ﾠa	 ﾠlot	 ﾠof	 ﾠ
things	 ﾠabout	 ﾠhow	 ﾠto	 ﾠhandle	 ﾠmyself	 ﾠin	 ﾠlab	 ﾠand	 ﾠour	 ﾠ“CHEMREF”	 ﾠsessions	 ﾠwere	 ﾠalways	 ﾠ
helpful.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠChanghoon	 ﾠLee	 ﾠfor	 ﾠbeing	 ﾠsomeone	 ﾠwho	 ﾠI	 ﾠcould	 ﾠnever	 ﾠhear	 ﾠspeak	 ﾠbut	 ﾠI	 ﾠknew	 ﾠhe	 ﾠ
was	 ﾠa	 ﾠkind	 ﾠperson.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠYogesh	 ﾠSuredranath	 ﾠwas	 ﾠthe	 ﾠperson	 ﾠI	 ﾠwas	 ﾠmost	 ﾠscared	 ﾠto	 ﾠpresent	 ﾠin	 ﾠfront	 ﾠof	 ﾠat	 ﾠ
group	 ﾠmeeting	 ﾠso	 ﾠI	 ﾠwould	 ﾠgo	 ﾠthrough	 ﾠmy	 ﾠslides	 ﾠwith	 ﾠhim	 ﾠbeforehand.	 ﾠHe	 ﾠalways	 ﾠ
gave	 ﾠtime	 ﾠand	 ﾠattention	 ﾠto	 ﾠpeople	 ﾠwho	 ﾠasked	 ﾠfor	 ﾠit.	 ﾠ	 ﾠ
	 ﾠ
Dr.	 ﾠMatt	 ﾠChambers	 ﾠfor	 ﾠbeing	 ﾠthe	 ﾠeternal	 ﾠoptimist	 ﾠand	 ﾠalways	 ﾠplaying	 ﾠdevil’s	 ﾠ
advocate.	 ﾠWe	 ﾠhad	 ﾠa	 ﾠlot	 ﾠof	 ﾠfun	 ﾠtimes	 ﾠespecially	 ﾠat	 ﾠthe	 ﾠBleacher	 ﾠBar.	 ﾠLet’s	 ﾠgo	 ﾠBuffalo!	 ﾠ
	 ﾠ
Dr.	 ﾠArturo	 ﾠPizano	 ﾠwe	 ﾠhad	 ﾠa	 ﾠlot	 ﾠof	 ﾠcrazy	 ﾠtimes	 ﾠand	 ﾠI	 ﾠcould	 ﾠalways	 ﾠcount	 ﾠon	 ﾠhim	 ﾠto	 ﾠ
enable	 ﾠa	 ﾠ“f*	 ﾠit	 ﾠday.”	 ﾠ	 ﾠ 	 ﾠ
	 ﾠ
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In	 ﾠmy	 ﾠfirst	 ﾠyear	 ﾠI	 ﾠstarted	 ﾠout	 ﾠas	 ﾠone	 ﾠof	 ﾠfour	 ﾠand	 ﾠam	 ﾠthe	 ﾠonly	 ﾠone	 ﾠwho	 ﾠmade	 ﾠit	 ﾠ
through.	 ﾠI	 ﾠwould	 ﾠspecifically	 ﾠlike	 ﾠto	 ﾠthank	 ﾠPete	 ﾠCurtain	 ﾠfor	 ﾠbeing	 ﾠsuch	 ﾠa	 ﾠsmart	 ﾠand	 ﾠ
happy	 ﾠperson.	 ﾠHe	 ﾠis	 ﾠsomeone	 ﾠI	 ﾠhave	 ﾠalways	 ﾠmissed,	 ﾠespecially	 ﾠin	 ﾠtimes	 ﾠwhere	 ﾠI	 ﾠjust	 ﾠ
wanted	 ﾠa	 ﾠperson	 ﾠwho	 ﾠcould	 ﾠbe	 ﾠa	 ﾠpartner	 ﾠin	 ﾠcrime	 ﾠduring	 ﾠthe	 ﾠvarious	 ﾠphases	 ﾠof	 ﾠ
graduate	 ﾠschool.	 ﾠMy	 ﾠlast	 ﾠmemory	 ﾠof	 ﾠa	 ﾠbig	 ﾠhung	 ﾠbefore	 ﾠtelling	 ﾠhim	 ﾠgood	 ﾠluck	 ﾠbefore	 ﾠ
he	 ﾠleft	 ﾠis	 ﾠstill	 ﾠone	 ﾠmy	 ﾠfavorite	 ﾠmemories.	 ﾠ	 ﾠ
	 ﾠ
Kwabena	 ﾠBediako	 ﾠfor	 ﾠbeing	 ﾠso	 ﾠknowledgeable	 ﾠand	 ﾠhelpful.	 ﾠHowever,	 ﾠsharing	 ﾠ
frustrations	 ﾠwith	 ﾠscience	 ﾠand	 ﾠgraduate	 ﾠschool	 ﾠwith	 ﾠsomeone	 ﾠwho	 ﾠmakes	 ﾠit	 ﾠall	 ﾠseem	 ﾠ
so	 ﾠeasy	 ﾠmade	 ﾠme	 ﾠfeel	 ﾠnot	 ﾠso	 ﾠalone.	 ﾠI	 ﾠalso	 ﾠalways	 ﾠappreciate	 ﾠthe	 ﾠpep	 ﾠtalks	 ﾠwalking	 ﾠ
home	 ﾠafter	 ﾠa	 ﾠlong	 ﾠday	 ﾠin	 ﾠlab.	 ﾠ	 ﾠ
	 ﾠ
Chris	 ﾠLemon	 ﾠfor	 ﾠbeing	 ﾠa	 ﾠgreat	 ﾠfriend.	 ﾠChris	 ﾠwas	 ﾠalways	 ﾠthere	 ﾠwhen	 ﾠI	 ﾠneeded	 ﾠhim	 ﾠand	 ﾠ
was	 ﾠalways	 ﾠready	 ﾠto	 ﾠgrab	 ﾠa	 ﾠbeer	 ﾠand	 ﾠhang	 ﾠout	 ﾠafter	 ﾠa	 ﾠlong	 ﾠday	 ﾠin	 ﾠlab.	 ﾠHe	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠ
hardest	 ﾠworkers	 ﾠin	 ﾠlab	 ﾠand	 ﾠnever	 ﾠseems	 ﾠfrustrated.	 ﾠI	 ﾠlove	 ﾠour	 ﾠ“gay–tes”	 ﾠat	 ﾠ
Cambridge	 ﾠCommon.	 ﾠ	 ﾠ
	 ﾠ
Andrew	 ﾠUllman	 ﾠfor	 ﾠbeing	 ﾠso	 ﾠquirky.	 ﾠI	 ﾠhave	 ﾠloved	 ﾠseeing	 ﾠthe	 ﾠtransformation	 ﾠfrom	 ﾠ
hippie	 ﾠto	 ﾠclean–cut	 ﾠand	 ﾠdad–like	 ﾠ(thanks	 ﾠAnne	 ﾠMarie).	 ﾠHis	 ﾠlove	 ﾠfor	 ﾠreading	 ﾠold	 ﾠ
textbooks	 ﾠis	 ﾠhilarious	 ﾠand	 ﾠhe	 ﾠhas	 ﾠthe	 ﾠbest	 ﾠsmile	 ﾠout	 ﾠof	 ﾠanyone	 ﾠin	 ﾠlab.	 ﾠ	 ﾠ
	 ﾠ
Mike	 ﾠHuynh	 ﾠfor	 ﾠbeing	 ﾠthe	 ﾠsmartest,	 ﾠhardest–working,	 ﾠand	 ﾠkindest	 ﾠperson	 ﾠin	 ﾠlab	 ﾠall	 ﾠ
of	 ﾠwhich	 ﾠcomes	 ﾠcompletely	 ﾠnaturally.	 ﾠI	 ﾠthink	 ﾠI	 ﾠhad	 ﾠthe	 ﾠbest	 ﾠperson	 ﾠto	 ﾠgive	 ﾠgroup	 ﾠ
meeting	 ﾠwith	 ﾠand	 ﾠenjoyed	 ﾠhis	 ﾠdelicious	 ﾠhome–cooked	 ﾠtreats	 ﾠhe	 ﾠwould	 ﾠsurprise	 ﾠme	 ﾠ
with.	 ﾠ	 ﾠ
	 ﾠ
Bon	 ﾠJun	 ﾠKoo	 ﾠI	 ﾠdon’t	 ﾠeven	 ﾠknow	 ﾠwhere	 ﾠto	 ﾠstart.	 ﾠYou	 ﾠhave	 ﾠbeen	 ﾠa	 ﾠgreat	 ﾠfriend	 ﾠand	 ﾠ
have	 ﾠalways	 ﾠbeen	 ﾠthere	 ﾠfor	 ﾠme.	 ﾠObviously	 ﾠmy	 ﾠfavorite	 ﾠthing	 ﾠabout	 ﾠyou	 ﾠis	 ﾠyour	 ﾠ
confusion	 ﾠwith	 ﾠthe	 ﾠEnglish	 ﾠlanguage	 ﾠand	 ﾠAmerican	 ﾠculture,	 ﾠwhich	 ﾠhas	 ﾠmade	 ﾠme	 ﾠ
laugh	 ﾠcountless	 ﾠtimes.	 ﾠI	 ﾠalso	 ﾠlove	 ﾠyour	 ﾠno	 ﾠnonsense	 ﾠattitude	 ﾠespecially	 ﾠduring	 ﾠlong	 ﾠ
group	 ﾠmeetings.	 ﾠ	 ﾠ
	 ﾠ
Nancy	 ﾠLi	 ﾠhas	 ﾠbeen	 ﾠlike	 ﾠa	 ﾠlittle	 ﾠsister	 ﾠto	 ﾠme	 ﾠover	 ﾠthe	 ﾠpast	 ﾠyear.	 ﾠI	 ﾠlove	 ﾠour	 ﾠtalks	 ﾠabout	 ﾠ
all	 ﾠthings	 ﾠshopping	 ﾠand	 ﾠbeing	 ﾠterrible	 ﾠinfluences	 ﾠon	 ﾠone	 ﾠanother	 ﾠwhen	 ﾠit	 ﾠcomes	 ﾠto	 ﾠ
purchasing	 ﾠthings	 ﾠwe	 ﾠdon’t	 ﾠneed.	 ﾠShe	 ﾠis	 ﾠso	 ﾠthoughtful	 ﾠand	 ﾠsuch	 ﾠa	 ﾠhard	 ﾠworker.	 ﾠI	 ﾠ
think	 ﾠshe	 ﾠwill	 ﾠhave	 ﾠa	 ﾠvery	 ﾠsuccessful	 ﾠPhD	 ﾠexperience.	 ﾠ	 ﾠ
	 ﾠ
Dan	 ﾠGraham	 ﾠall	 ﾠI	 ﾠcan	 ﾠsay	 ﾠis	 ﾠthank	 ﾠyou	 ﾠfor	 ﾠalways	 ﾠbeing	 ﾠthe	 ﾠscape–goat.	 ﾠ	 ﾠ
	 ﾠ
Bryce	 ﾠAnderson	 ﾠand	 ﾠAndrew	 ﾠMaher	 ﾠare	 ﾠboth	 ﾠfun,	 ﾠsincere,	 ﾠand	 ﾠkind	 ﾠpeople	 ﾠand	 ﾠmade	 ﾠ
sharing	 ﾠan	 ﾠoffice	 ﾠwith	 ﾠno	 ﾠwindows	 ﾠseem	 ﾠnot	 ﾠso	 ﾠbad.	 ﾠ	 ﾠ
	 ﾠ
Evan	 ﾠJones	 ﾠfor	 ﾠalways	 ﾠseeming	 ﾠto	 ﾠbe	 ﾠin	 ﾠthe	 ﾠwrong	 ﾠplace	 ﾠat	 ﾠthe	 ﾠwrong	 ﾠtime,	 ﾠwhich	 ﾠ
makes	 ﾠme	 ﾠlaugh.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ 	 ﾠ
	 ﾠ
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Seung–Jun	 ﾠHwang	 ﾠfor	 ﾠputting	 ﾠup	 ﾠwith	 ﾠall	 ﾠof	 ﾠour	 ﾠquestions	 ﾠon	 ﾠthe	 ﾠKorean	 ﾠlanguage	 ﾠ
after	 ﾠBon	 ﾠJun	 ﾠconfuses	 ﾠus.	 ﾠ	 ﾠ
	 ﾠ
There	 ﾠhave	 ﾠbeen	 ﾠmany	 ﾠpeople	 ﾠI	 ﾠdidn’t	 ﾠget	 ﾠto	 ﾠknow	 ﾠvery	 ﾠwell	 ﾠto	 ﾠall	 ﾠof	 ﾠyou	 ﾠI	 ﾠwish	 ﾠthe	 ﾠ
best	 ﾠof	 ﾠluck.	 ﾠ
	 ﾠ
On	 ﾠa	 ﾠmore	 ﾠpersonal	 ﾠnote:	 ﾠ	 ﾠ
	 ﾠ
I	 ﾠwould	 ﾠlike	 ﾠto	 ﾠthank	 ﾠmy	 ﾠamazing	 ﾠhusband	 ﾠEric	 ﾠHontz.	 ﾠIn	 ﾠthe	 ﾠlast	 ﾠtwo	 ﾠyears	 ﾠhe	 ﾠhas	 ﾠ
helped	 ﾠme	 ﾠin	 ﾠevery	 ﾠaspect	 ﾠof	 ﾠlife.	 ﾠWe	 ﾠhave	 ﾠso	 ﾠmuch	 ﾠfun	 ﾠtogether	 ﾠand	 ﾠI	 ﾠam	 ﾠso	 ﾠexcited	 ﾠ
about	 ﾠour	 ﾠfuture	 ﾠtogether.	 ﾠ	 ﾠ
	 ﾠ
I	 ﾠwould	 ﾠlike	 ﾠto	 ﾠthank	 ﾠmy	 ﾠdad	 ﾠfor	 ﾠalways	 ﾠvisiting	 ﾠme	 ﾠin	 ﾠevery	 ﾠplace	 ﾠI’ve	 ﾠlived	 ﾠand	 ﾠ
being	 ﾠproud	 ﾠof	 ﾠme.	 ﾠ	 ﾠ
	 ﾠ
I	 ﾠwould	 ﾠlike	 ﾠto	 ﾠthank	 ﾠmy	 ﾠmother	 ﾠfor	 ﾠbeing	 ﾠthe	 ﾠstrongest	 ﾠperson	 ﾠI	 ﾠknow.	 ﾠShe	 ﾠhas	 ﾠbeen	 ﾠ
so	 ﾠencouraging	 ﾠand	 ﾠhelpful	 ﾠand	 ﾠI	 ﾠlove	 ﾠher	 ﾠvery	 ﾠmuch.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
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 ﾠ
Chapter	 ﾠ1–	 ﾠIntroduction:	 ﾠ	 ﾠ	 ﾠ 2	 ﾠ
	 ﾠ1.1	 ﾠThe	 ﾠneed	 ﾠfor	 ﾠclean–energy	 ﾠ	 ﾠ
One	 ﾠof	 ﾠthe	 ﾠgreatest	 ﾠchallenges	 ﾠfacing	 ﾠthe	 ﾠworld	 ﾠtoday	 ﾠis	 ﾠthe	 ﾠneed	 ﾠfor	 ﾠclean–
renewable	 ﾠenergy	 ﾠresources	 ﾠto	 ﾠsupply	 ﾠthe	 ﾠneeds	 ﾠof	 ﾠa	 ﾠquickly	 ﾠgrowing	 ﾠworld–
population.	 ﾠCurrent	 ﾠworld	 ﾠenergy	 ﾠconsumption	 ﾠis	 ﾠ524	 ﾠquadrillion	 ﾠBTU	 ﾠ(5.5	 ﾠx	 ﾠ1020	 ﾠ
Joules	 ﾠor	 ﾠ17.5	 ﾠTW	 ﾠper	 ﾠyear).1	 ﾠDue	 ﾠto	 ﾠan	 ﾠincrease	 ﾠin	 ﾠworld	 ﾠpopulation	 ﾠto	 ﾠ3	 ﾠbillion	 ﾠ
people	 ﾠby	 ﾠ2050,	 ﾠthe	 ﾠworld	 ﾠenergy	 ﾠconsumption	 ﾠis	 ﾠexpected	 ﾠto	 ﾠincrease	 ﾠby	 ﾠ56%	 ﾠand	 ﾠ
double	 ﾠby	 ﾠthe	 ﾠend	 ﾠof	 ﾠthe	 ﾠcentury.	 ﾠ1–3	 ﾠMost	 ﾠof	 ﾠthis	 ﾠpopulation	 ﾠgrowth	 ﾠis	 ﾠoccurring	 ﾠin	 ﾠ
the	 ﾠdeveloping	 ﾠworld,	 ﾠwhich	 ﾠpresently	 ﾠdoes	 ﾠnot	 ﾠhave	 ﾠthe	 ﾠinfrastructure	 ﾠor	 ﾠwealth	 ﾠto	 ﾠ
keep	 ﾠup	 ﾠwith	 ﾠthis	 ﾠdemand.4	 ﾠ	 ﾠ
Presently	 ﾠ86%	 ﾠof	 ﾠthe	 ﾠcurrent	 ﾠworld–energy	 ﾠis	 ﾠsupplied	 ﾠby	 ﾠfossil	 ﾠfuels	 ﾠand	 ﾠit	 ﾠis	 ﾠ
projected	 ﾠthat	 ﾠeven	 ﾠwith	 ﾠincrease	 ﾠworld	 ﾠpopulation,	 ﾠfossil	 ﾠfuels	 ﾠcan	 ﾠcontinue	 ﾠto	 ﾠ
power	 ﾠthe	 ﾠplanet	 ﾠfor	 ﾠmany	 ﾠyears	 ﾠto	 ﾠcome.5,6	 ﾠHowever,	 ﾠincreasing	 ﾠlevels	 ﾠof	 ﾠCO2	 ﾠin	 ﾠthe	 ﾠ
atmosphere	 ﾠhave	 ﾠbeen	 ﾠrising	 ﾠsince	 ﾠthe	 ﾠindustrial	 ﾠrevolution	 ﾠwhen	 ﾠthe	 ﾠworld	 ﾠ
population	 ﾠwas	 ﾠseven	 ﾠtimes	 ﾠless	 ﾠthan	 ﾠtoday.	 ﾠGiven	 ﾠthat	 ﾠhuman	 ﾠactivity	 ﾠled	 ﾠto	 ﾠ
increased	 ﾠconcentrations	 ﾠof	 ﾠCO2	 ﾠin	 ﾠthe	 ﾠatmosphere	 ﾠwith	 ﾠa	 ﾠconsiderably	 ﾠsmaller	 ﾠ
population,	 ﾠthe	 ﾠimpact	 ﾠof	 ﾠtoday’s	 ﾠrapidly	 ﾠgrowing	 ﾠworld	 ﾠpopulation	 ﾠcould	 ﾠlead	 ﾠto	 ﾠ
much	 ﾠmore	 ﾠsevere	 ﾠresults.	 ﾠThe	 ﾠcommon	 ﾠgoal	 ﾠamongst	 ﾠscientists	 ﾠand	 ﾠpolicy	 ﾠmakers	 ﾠ
is	 ﾠto	 ﾠprevent	 ﾠthe	 ﾠconcentrations	 ﾠof	 ﾠCO2	 ﾠin	 ﾠthe	 ﾠatmosphere	 ﾠfrom	 ﾠreaching	 ﾠlevels	 ﾠsuch	 ﾠ
that	 ﾠthe	 ﾠchange	 ﾠin	 ﾠglobal	 ﾠtemperature	 ﾠis	 ﾠmore	 ﾠthan	 ﾠ2oC.7	 ﾠWhile	 ﾠit	 ﾠremains	 ﾠunclear	 ﾠ
what	 ﾠimpact	 ﾠthe	 ﾠincreased	 ﾠglobal	 ﾠtemperature	 ﾠwill	 ﾠhave,	 ﾠit	 ﾠseems	 ﾠunwise	 ﾠto	 ﾠperform	 ﾠ
an	 ﾠuncontrolled	 ﾠexperiment	 ﾠon	 ﾠthe	 ﾠenvironment.	 ﾠ	 ﾠ	 ﾠ 3	 ﾠ
This	 ﾠquandary	 ﾠnecessitates	 ﾠnew	 ﾠtechnologies	 ﾠto	 ﾠproduce	 ﾠand	 ﾠstore	 ﾠ
renewable	 ﾠenergy	 ﾠthat	 ﾠminimizes	 ﾠthe	 ﾠenvironmental	 ﾠconsequences	 ﾠassociated	 ﾠwith	 ﾠ
burning	 ﾠfossil	 ﾠfuels.	 ﾠ
	 ﾠ
1.2	 ﾠRenewable	 ﾠEnergy	 ﾠ
Due	 ﾠto	 ﾠthe	 ﾠinefficiency	 ﾠof	 ﾠphotosynthesis	 ﾠ(1%)8	 ﾠand	 ﾠthe	 ﾠspatial	 ﾠlimitations	 ﾠof	 ﾠ
wind	 ﾠpower,9	 ﾠneither	 ﾠbiomass	 ﾠnor	 ﾠwind	 ﾠis	 ﾠa	 ﾠviable	 ﾠoption	 ﾠto	 ﾠfully	 ﾠmeet	 ﾠthe	 ﾠworld	 ﾠ
energy	 ﾠneeds.	 ﾠThe	 ﾠsun	 ﾠis	 ﾠby	 ﾠfar	 ﾠthe	 ﾠmost	 ﾠabundant	 ﾠsource	 ﾠof	 ﾠenergy	 ﾠas	 ﾠmore	 ﾠenergy	 ﾠ
from	 ﾠthe	 ﾠsun	 ﾠstrikes	 ﾠthe	 ﾠearth	 ﾠin	 ﾠjust	 ﾠone	 ﾠhour	 ﾠthan	 ﾠis	 ﾠpresently	 ﾠconsumed	 ﾠin	 ﾠone	 ﾠ
year.	 ﾠImpressively,	 ﾠcovering	 ﾠ0.1%	 ﾠof	 ﾠthe	 ﾠEarth’s	 ﾠsurface	 ﾠwith	 ﾠsolar	 ﾠcells	 ﾠwith	 ﾠan	 ﾠ
efficiency	 ﾠof	 ﾠ10%	 ﾠwould	 ﾠsatisfy	 ﾠpresent	 ﾠenergy	 ﾠneeds.10,11	 ﾠUnfortunately	 ﾠdue	 ﾠto	 ﾠthe	 ﾠ
intermittent	 ﾠand	 ﾠdiurnal	 ﾠnature	 ﾠof	 ﾠsunlight,	 ﾠin	 ﾠorder	 ﾠto	 ﾠmake	 ﾠsolar–energy	 ﾠas	 ﾠa	 ﾠ
viable	 ﾠresource	 ﾠrequires	 ﾠcapture,	 ﾠconversion,	 ﾠand	 ﾠstorage.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ1.1	 ﾠSchematic	 ﾠshowing	 ﾠ(1)	 ﾠsolar	 ﾠcapture	 ﾠof	 ﾠsolar	 ﾠenergy	 ﾠby	 ﾠa	 ﾠphotovoltaic	 ﾠ
device,	 ﾠ(2)	 ﾠconversion	 ﾠof	 ﾠsolar	 ﾠphotons	 ﾠinto	 ﾠa	 ﾠwireless	 ﾠcurrent,	 ﾠand	 ﾠ(3)	 ﾠstorage	 ﾠvia	 ﾠ
breaking	 ﾠthe	 ﾠbonds	 ﾠof	 ﾠH2O	 ﾠto	 ﾠmake	 ﾠH2	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠused	 ﾠas	 ﾠa	 ﾠfuel.	 ﾠAdapted	 ﾠfrom	 ﾠref.	 ﾠ
5.	 ﾠ	 ﾠ 4	 ﾠ
1.3	 ﾠCapture	 ﾠof	 ﾠsolar	 ﾠpower	 ﾠand	 ﾠconversion	 ﾠto	 ﾠelectrical	 ﾠpower	 ﾠ	 ﾠ
An	 ﾠelegant	 ﾠtechnological	 ﾠapproach	 ﾠto	 ﾠdirectly	 ﾠconvert	 ﾠsunlight	 ﾠinto	 ﾠelectricity	 ﾠ
without	 ﾠmoving	 ﾠparts	 ﾠor	 ﾠenvironmental	 ﾠemissions	 ﾠis	 ﾠto	 ﾠutilize	 ﾠsemiconductors.	 ﾠ
Semiconductors	 ﾠtake	 ﾠadvantage	 ﾠof	 ﾠthe	 ﾠfact	 ﾠthat	 ﾠphotons	 ﾠwith	 ﾠenergy	 ﾠequal	 ﾠto	 ﾠthe	 ﾠ
optical	 ﾠband–gap	 ﾠ(similar	 ﾠto	 ﾠHOMO–LUMO	 ﾠtransition	 ﾠfor	 ﾠmolecules)	 ﾠcan	 ﾠcreate	 ﾠan	 ﾠ
electron–hole	 ﾠpair	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠseparated	 ﾠbetween	 ﾠtwo	 ﾠdifferent	 ﾠmaterials,	 ﾠthus	 ﾠ
effectively	 ﾠestablishing	 ﾠa	 ﾠpotential	 ﾠdifference	 ﾠacross	 ﾠthe	 ﾠinterface.	 ﾠHowever,	 ﾠsince	 ﾠ
semiconductors	 ﾠare	 ﾠtransparent	 ﾠto	 ﾠphotons	 ﾠbelow	 ﾠthe	 ﾠband–gap	 ﾠand	 ﾠphotons	 ﾠhaving	 ﾠ
energies	 ﾠmuch	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠband	 ﾠgap	 ﾠrapidly	 ﾠrelease	 ﾠheat	 ﾠto	 ﾠthe	 ﾠlattice	 ﾠof	 ﾠthe	 ﾠ
solid	 ﾠthe	 ﾠupper	 ﾠbound	 ﾠconversion	 ﾠefficiency	 ﾠof	 ﾠsolar	 ﾠpower	 ﾠinput	 ﾠto	 ﾠelectric	 ﾠpower	 ﾠ
output	 ﾠof	 ﾠa	 ﾠsingle–absorber	 ﾠis	 ﾠ32%	 ﾠbased	 ﾠon	 ﾠa	 ﾠsemiconductor	 ﾠwith	 ﾠa	 ﾠband–gap	 ﾠof	 ﾠ
1.4	 ﾠeV.	 ﾠ12	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ1.2	 ﾠSolar	 ﾠirradiance	 ﾠat	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠEarth.	 ﾠThe	 ﾠband–gap	 ﾠof	 ﾠsilicon	 ﾠis	 ﾠ
overlaid	 ﾠ as	 ﾠan	 ﾠexample	 ﾠ showing	 ﾠthat	 ﾠ photons	 ﾠ absorbed	 ﾠat	 ﾠthe	 ﾠ band–gap	 ﾠcan	 ﾠbe	 ﾠ
converted	 ﾠand	 ﾠthose	 ﾠabsorbed	 ﾠabove	 ﾠthe	 ﾠband–gap	 ﾠare	 ﾠwasted	 ﾠas	 ﾠheat.	 ﾠ	 ﾠ	 ﾠ 5	 ﾠ
After	 ﾠphotogenerated	 ﾠelectrons	 ﾠand	 ﾠholes	 ﾠare	 ﾠcreated,	 ﾠan	 ﾠelectric	 ﾠfield	 ﾠis	 ﾠ
required	 ﾠto	 ﾠseparate	 ﾠcharges	 ﾠsuch	 ﾠthat	 ﾠthey	 ﾠcan	 ﾠbe	 ﾠtransferred	 ﾠto	 ﾠan	 ﾠexternal	 ﾠload.	 ﾠ
An	 ﾠelectric	 ﾠfield	 ﾠcan	 ﾠbe	 ﾠestablished	 ﾠby	 ﾠinterfacing	 ﾠa	 ﾠsemiconductor	 ﾠwith	 ﾠanother	 ﾠ
material	 ﾠcontaining	 ﾠa	 ﾠdifferent	 ﾠwork	 ﾠfunction	 ﾠ(also	 ﾠcalled	 ﾠFermi	 ﾠlevel,	 ﾠelectron	 ﾠ
affinity).	 ﾠThis	 ﾠcan	 ﾠinclude	 ﾠa	 ﾠmetal,	 ﾠanother	 ﾠsemiconductor,	 ﾠdoping	 ﾠtwo	 ﾠsides	 ﾠof	 ﾠthe	 ﾠ
same	 ﾠsemiconductor,	 ﾠor	 ﾠan	 ﾠelectrolyte	 ﾠcontaining	 ﾠa	 ﾠredox	 ﾠcouple.	 ﾠOnce	 ﾠinterfaced,	 ﾠ
charge	 ﾠtransfer	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠmaterials	 ﾠoccurs	 ﾠuntil	 ﾠequilibrium	 ﾠis	 ﾠestablished.	 ﾠ
This	 ﾠproduces	 ﾠa	 ﾠregion	 ﾠin	 ﾠeach	 ﾠmaterial	 ﾠthat	 ﾠis	 ﾠdepleted	 ﾠof	 ﾠmajority	 ﾠcharge	 ﾠcarriers	 ﾠ
(electrons	 ﾠfor	 ﾠan	 ﾠn–type	 ﾠsemiconductor	 ﾠand	 ﾠholes	 ﾠfor	 ﾠa	 ﾠp–type	 ﾠsemiconductor),	 ﾠ
which	 ﾠis	 ﾠdepicted	 ﾠas	 ﾠband–bending	 ﾠwithin	 ﾠthe	 ﾠsemiconductor	 ﾠ(upward	 ﾠfor	 ﾠn–type,	 ﾠ
downward	 ﾠfor	 ﾠp–type).	 ﾠThis	 ﾠtranslates	 ﾠto	 ﾠa	 ﾠbuilt	 ﾠin	 ﾠpotential	 ﾠdue	 ﾠthe	 ﾠelectric	 ﾠfield	 ﾠ
formed	 ﾠat	 ﾠthe	 ﾠjunction.	 ﾠUpon	 ﾠillumination,	 ﾠa	 ﾠnon–equilibrium	 ﾠconcentration	 ﾠof	 ﾠ
photogenerated	 ﾠelectrons	 ﾠand	 ﾠholes	 ﾠdisturb	 ﾠthe	 ﾠpreviously	 ﾠestablished	 ﾠequilibrium	 ﾠ
formed	 ﾠat	 ﾠthe	 ﾠinterface	 ﾠand	 ﾠthe	 ﾠelectric	 ﾠfield	 ﾠserves	 ﾠto	 ﾠseparate	 ﾠthe	 ﾠphotogenerated	 ﾠ
electrons	 ﾠand	 ﾠholes	 ﾠsuch	 ﾠthat	 ﾠthey	 ﾠcan	 ﾠbe	 ﾠextracted	 ﾠto	 ﾠdo	 ﾠelectrical	 ﾠwork.	 ﾠThe	 ﾠ
electrical	 ﾠpower	 ﾠgenerated	 ﾠcould	 ﾠbe	 ﾠused	 ﾠdirectly.	 ﾠHowever	 ﾠdue	 ﾠto	 ﾠthe	 ﾠintermittent	 ﾠ
nature	 ﾠof	 ﾠsunlight,	 ﾠit	 ﾠis	 ﾠalso	 ﾠimportant	 ﾠto	 ﾠstore	 ﾠthe	 ﾠelectrical	 ﾠpower	 ﾠgenerated	 ﾠin	 ﾠa	 ﾠ
fuel.	 ﾠ	 ﾠ
	 ﾠ
1.4	 ﾠConversion	 ﾠof	 ﾠelectrical	 ﾠpower	 ﾠinto	 ﾠfuels	 ﾠ
	 ﾠ
The	 ﾠbest–known	 ﾠexample	 ﾠof	 ﾠconverting	 ﾠsolar	 ﾠenergy	 ﾠand	 ﾠstoring	 ﾠit	 ﾠas	 ﾠ
chemical	 ﾠenergy	 ﾠcan	 ﾠbe	 ﾠfound	 ﾠin	 ﾠnature.	 ﾠPhotosynthetic	 ﾠorganisms	 ﾠcapture	 ﾠsunlight	 ﾠ
and	 ﾠconvert	 ﾠwater	 ﾠand	 ﾠcarbon	 ﾠdioxide	 ﾠinto	 ﾠoxygen	 ﾠand	 ﾠreduced	 ﾠorganic	 ﾠspecies,	 ﾠ
which	 ﾠcan	 ﾠbe	 ﾠused	 ﾠas	 ﾠfuels.	 ﾠFuels	 ﾠare	 ﾠa	 ﾠparticularly	 ﾠattractive	 ﾠmodality	 ﾠfor	 ﾠstorage	 ﾠ	 ﾠ 6	 ﾠ
due	 ﾠto	 ﾠthe	 ﾠhigh	 ﾠenergy	 ﾠdensity	 ﾠthe	 ﾠchemical	 ﾠbond.	 ﾠThe	 ﾠprimary	 ﾠsteps	 ﾠin	 ﾠ
photosynthesis	 ﾠare	 ﾠabsorption	 ﾠof	 ﾠsolar	 ﾠenergy	 ﾠby	 ﾠchlorophyll	 ﾠand	 ﾠother	 ﾠpigments,	 ﾠ
after	 ﾠwhich	 ﾠthe	 ﾠphotogenerated	 ﾠelectrons	 ﾠand	 ﾠholes	 ﾠare	 ﾠseparated	 ﾠin	 ﾠthe	 ﾠ
Photosystem	 ﾠII	 ﾠ(PSII)	 ﾠreaction	 ﾠcenter.	 ﾠThe	 ﾠoxidative	 ﾠpower	 ﾠof	 ﾠthe	 ﾠphotogenerated	 ﾠ
holes	 ﾠin	 ﾠPSII	 ﾠare	 ﾠtransferred	 ﾠto	 ﾠthe	 ﾠoxygen	 ﾠevolving	 ﾠcomplex	 ﾠto	 ﾠsplit	 ﾠwater,	 ﾠ
producing	 ﾠmolecular	 ﾠoxygen	 ﾠwhich	 ﾠis	 ﾠreleased	 ﾠinto	 ﾠthe	 ﾠatmosphere,	 ﾠas	 ﾠwell	 ﾠas	 ﾠ
protons	 ﾠand	 ﾠelectrons	 ﾠwhich	 ﾠare	 ﾠtransferred	 ﾠand	 ﾠconsumed	 ﾠin	 ﾠPhotosystem	 ﾠI	 ﾠ(PSI)	 ﾠ
to	 ﾠreduce	 ﾠNADP+	 ﾠinto	 ﾠNADPH	 ﾠ(natures	 ﾠform	 ﾠof	 ﾠhydrogen),	 ﾠwhich	 ﾠis	 ﾠultimately	 ﾠused	 ﾠ
to	 ﾠreduce	 ﾠCO2	 ﾠto	 ﾠcarbohydrates.	 ﾠSince	 ﾠproducts	 ﾠfrom	 ﾠthe	 ﾠwater–splitting	 ﾠreaction	 ﾠ
are	 ﾠsubsumed	 ﾠin	 ﾠsubsequent	 ﾠphotosynthetic	 ﾠprocesses,	 ﾠwater–splitting	 ﾠis	 ﾠthe	 ﾠmost	 ﾠ
critical	 ﾠstep	 ﾠin	 ﾠphotosynthesis.6,13,14	 ﾠ	 ﾠ
The	 ﾠthermodynamics	 ﾠof	 ﾠwater–splitting	 ﾠcan	 ﾠbe	 ﾠdescribed	 ﾠby	 ﾠthe	 ﾠfollowing	 ﾠoxygen	 ﾠ
evolution	 ﾠand	 ﾠhydrogen	 ﾠevolution	 ﾠelectrochemical	 ﾠhalf	 ﾠreactions	 ﾠ(OER	 ﾠand	 ﾠHER,	 ﾠ
respectively):	 ﾠ
	 ﾠ
2𝐻 𝑂 ﾠ → ﾠ𝑂  + 4𝐻  + 4𝑒 	 ﾠ 	 ﾠ Eoanode	 ﾠ=	 ﾠ1.23V	 ﾠ−	 ﾠ0.059(pH)	 ﾠvs.	 ﾠNHE	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ(1.1)	 ﾠ
4𝐻  + 4𝑒  ﾠ→ 2𝐻  ﾠ	 ﾠ 	 ﾠ 	 ﾠ Eocathode	 ﾠ=	 ﾠ0V	 ﾠ−	 ﾠ0.059(pH)	 ﾠvs.	 ﾠNHE	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ	 ﾠ	 ﾠ	 ﾠ(1.2)	 ﾠ
	 ﾠ
combining	 ﾠequations	 ﾠ(1)	 ﾠand	 ﾠ(2)	 ﾠindicates	 ﾠthat	 ﾠa	 ﾠtotal	 ﾠvoltage	 ﾠof	 ﾠ1.23	 ﾠV	 ﾠis	 ﾠrequired	 ﾠ
to	 ﾠdrive	 ﾠthe	 ﾠuphill	 ﾠwater–splitting	 ﾠreaction.	 ﾠHowever,	 ﾠadditional	 ﾠvoltage	 ﾠis	 ﾠnecessary	 ﾠ
to	 ﾠdrive	 ﾠthe	 ﾠreaction	 ﾠkinetics	 ﾠor	 ﾠrate	 ﾠof	 ﾠthe	 ﾠreaction	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠcurrent	 ﾠdensity	 ﾠ(JEC)	 ﾠ
making	 ﾠthe	 ﾠoverall	 ﾠvoltage	 ﾠfor	 ﾠwater–splitting	 ﾠ(VEC):	 ﾠ
	 ﾠ	 ﾠ 7	 ﾠ
	 ﾠ 𝑉   𝐽   = ﾠ𝜂   + ﾠ𝜂    𝐽   + ﾠ𝜂    𝐽   + ﾠ𝜂 (𝐽  )	 ﾠ (1.3)	 ﾠ
	 ﾠ
where,	 ﾠηOER	 ﾠand	 ﾠηHER	 ﾠare	 ﾠthe	 ﾠanodic	 ﾠand	 ﾠcathodic	 ﾠoverpotentials,	 ﾠrespectively,	 ﾠthat	 ﾠ
arise	 ﾠfrom	 ﾠthe	 ﾠintrinsic	 ﾠactivation	 ﾠbarrier	 ﾠfor	 ﾠthe	 ﾠelectrochemical	 ﾠhalf–reaction	 ﾠ
occurring	 ﾠat	 ﾠthe	 ﾠelectrode–solution	 ﾠinterface	 ﾠand	 ﾠηR	 ﾠaccounts	 ﾠfor	 ﾠresistive	 ﾠlosses	 ﾠ
which	 ﾠcan	 ﾠarise	 ﾠfrom	 ﾠresistance	 ﾠthrough	 ﾠthe	 ﾠelectrodes,	 ﾠcontacts,	 ﾠor	 ﾠmass	 ﾠtransport	 ﾠ
limitations.	 ﾠWater–splitting	 ﾠcatalysts	 ﾠcan	 ﾠminimize	 ﾠηOER	 ﾠand	 ﾠηHER.	 ﾠWhile	 ﾠthe	 ﾠimpact	 ﾠ
of	 ﾠηR	 ﾠcan	 ﾠbe	 ﾠminimized	 ﾠthrough	 ﾠoptimal	 ﾠcell	 ﾠdesigns,15–17	 ﾠthe	 ﾠactivation	 ﾠ
overpotentials	 ﾠare	 ﾠintrinsic	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠcatalysts	 ﾠutilized	 ﾠat	 ﾠthe	 ﾠanode	 ﾠand	 ﾠ
cathode.	 ﾠThis	 ﾠoverpotential,	 ﾠwhich	 ﾠis	 ﾠalso	 ﾠa	 ﾠmetric	 ﾠfor	 ﾠcatalyst	 ﾠactivity,	 ﾠis	 ﾠtypically	 ﾠ
reported	 ﾠin	 ﾠunits	 ﾠof	 ﾠmV	 ﾠdecade–1,	 ﾠand	 ﾠis	 ﾠlogarithmically	 ﾠrelated	 ﾠto	 ﾠthe	 ﾠcurrent	 ﾠ
density	 ﾠ(J)	 ﾠas	 ﾠgiven	 ﾠby	 ﾠthe	 ﾠTafel	 ﾠlaw18:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝐽 = 𝑏 ﾠlog ﾠ
𝐽
𝐽 
	 ﾠ (1.4)	 ﾠ
	 ﾠ
where	 ﾠ	 ﾠb	 ﾠis	 ﾠthe	 ﾠTafel	 ﾠslope	 ﾠand	 ﾠJ0	 ﾠis	 ﾠthe	 ﾠexchange	 ﾠcurrent–density	 ﾠthat	 ﾠcharacterizes	 ﾠ
the	 ﾠintrinsic	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠelectrode	 ﾠunder	 ﾠequilibrium	 ﾠconditions.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠ
optimize	 ﾠthe	 ﾠefficiency	 ﾠfor	 ﾠwater–splitting,	 ﾠthat	 ﾠis	 ﾠthe	 ﾠratio	 ﾠof	 ﾠthe	 ﾠthermodynamic	 ﾠ
potential	 ﾠfor	 ﾠwater	 ﾠsplitting	 ﾠto	 ﾠthe	 ﾠthermodynamic	 ﾠpotential,	 ﾠcatalysts	 ﾠexhibiting	 ﾠ
high	 ﾠJ0	 ﾠand	 ﾠa	 ﾠlow	 ﾠTafel	 ﾠslopes	 ﾠare	 ﾠnecessary.	 ﾠ
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1.5	 ﾠPhotoelectrochemical	 ﾠwater–splitting	 ﾠ
The	 ﾠconcept	 ﾠof	 ﾠa	 ﾠphotoelectrochemical	 ﾠ(PEC)	 ﾠdevice	 ﾠwas	 ﾠfirst	 ﾠpopularized	 ﾠby	 ﾠ
the	 ﾠ1976	 ﾠpaper	 ﾠof	 ﾠFujishima	 ﾠand	 ﾠHonda.	 ﾠ19	 ﾠ	 ﾠThey	 ﾠdescribed	 ﾠimmersing	 ﾠa	 ﾠTiO2	 ﾠ
semiconductor	 ﾠin	 ﾠsolution,	 ﾠilluminating	 ﾠit	 ﾠwith	 ﾠUV	 ﾠlight,	 ﾠand	 ﾠobserving	 ﾠupon	 ﾠ
application	 ﾠof	 ﾠa	 ﾠpotential	 ﾠbias	 ﾠthe	 ﾠevolution	 ﾠof	 ﾠboth	 ﾠhydrogen	 ﾠand	 ﾠoxygen.	 ﾠSince	 ﾠthis	 ﾠ
study,	 ﾠhundreds	 ﾠof	 ﾠdevice–constructs	 ﾠhave	 ﾠbeen	 ﾠinvestigated	 ﾠas	 ﾠPECS.	 ﾠThey	 ﾠcan	 ﾠ
broadly	 ﾠbe	 ﾠclassified	 ﾠas	 ﾠthose	 ﾠthat	 ﾠeither	 ﾠemploy	 ﾠa	 ﾠsolution	 ﾠjunction	 ﾠ(SJ)	 ﾠor	 ﾠburied	 ﾠ
junction	 ﾠ(BJ)	 ﾠfor	 ﾠcharge	 ﾠseparation.20,21,22	 ﾠWhile	 ﾠthe	 ﾠphysical	 ﾠprinciples	 ﾠunderlying	 ﾠ
the	 ﾠoperation	 ﾠof	 ﾠthe	 ﾠmethods	 ﾠare	 ﾠquite	 ﾠsimilar,21	 ﾠthe	 ﾠposition	 ﾠof	 ﾠcharge	 ﾠseparating	 ﾠ
interfaces	 ﾠrelative	 ﾠto	 ﾠinterfaces	 ﾠinjecting	 ﾠcharge	 ﾠinto	 ﾠwater	 ﾠredox	 ﾠcouples	 ﾠhas	 ﾠ
important	 ﾠconsequences	 ﾠfor	 ﾠimplementation	 ﾠof	 ﾠeither	 ﾠmethod.	 ﾠSJ–PEC	 ﾠoperates	 ﾠon	 ﾠ
the	 ﾠprinciple	 ﾠthat	 ﾠupon	 ﾠsubmerging	 ﾠa	 ﾠsemiconductor	 ﾠin	 ﾠa	 ﾠsolution	 ﾠcontaining	 ﾠa	 ﾠ
redox	 ﾠcouple,	 ﾠcharge	 ﾠtransfer	 ﾠat	 ﾠthe	 ﾠinterface	 ﾠwill	 ﾠoccur	 ﾠprovided	 ﾠappropriate	 ﾠ
alignment	 ﾠbetween	 ﾠthe	 ﾠsemiconductor	 ﾠFermi	 ﾠlevel	 ﾠ(EF)	 ﾠand	 ﾠthe	 ﾠNernst	 ﾠpotential	 ﾠof	 ﾠ
redox	 ﾠspecies.	 ﾠThe	 ﾠdepletion	 ﾠregion	 ﾠformed	 ﾠdue	 ﾠto	 ﾠband–bending	 ﾠwithin	 ﾠthe	 ﾠ
semiconductor	 ﾠallows	 ﾠfor	 ﾠcharge	 ﾠinjection	 ﾠinto	 ﾠthe	 ﾠsolution.	 ﾠFor	 ﾠthe	 ﾠcase	 ﾠof	 ﾠwater	 ﾠ
splitting	 ﾠby	 ﾠa	 ﾠSJ–PEC,	 ﾠthe	 ﾠquasi–Fermi	 ﾠlevel	 ﾠfor	 ﾠphotogenerated	 ﾠelectrons	 ﾠor	 ﾠholes	 ﾠ
must	 ﾠstraddle	 ﾠthe	 ﾠthermodynamic	 ﾠpotential	 ﾠfor	 ﾠthe	 ﾠwater–splitting	 ﾠreaction	 ﾠ(i.e.	 ﾠ
1.23	 ﾠV).23	 ﾠDue	 ﾠto	 ﾠthe	 ﾠpreviously	 ﾠmentioned	 ﾠkinetic	 ﾠoverpotentials	 ﾠthe	 ﾠactual	 ﾠvoltage	 ﾠ
required	 ﾠfor	 ﾠwater–splitting	 ﾠlies	 ﾠbetween	 ﾠ1.6–2	 ﾠV.	 ﾠSince	 ﾠthe	 ﾠphotovoltage	 ﾠgenerated	 ﾠ
from	 ﾠa	 ﾠsemiconductors	 ﾠis	 ﾠtypically	 ﾠat	 ﾠleast	 ﾠ0.4	 ﾠV	 ﾠless	 ﾠthan	 ﾠits	 ﾠband–gap,24	 ﾠthis	 ﾠ
requires	 ﾠthe	 ﾠsemiconductor	 ﾠto	 ﾠhave	 ﾠa	 ﾠband–gap	 ﾠin	 ﾠexcess	 ﾠof	 ﾠ2	 ﾠV.	 ﾠTherefore,	 ﾠeven	 ﾠ
with	 ﾠproper	 ﾠband–alignment,	 ﾠonly	 ﾠa	 ﾠsmall	 ﾠfraction	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠspectrum	 ﾠcan	 ﾠbe	 ﾠ	 ﾠ 9	 ﾠ
utilized	 ﾠlimiting	 ﾠthe	 ﾠefficiency	 ﾠto	 ﾠ7%.23,25	 ﾠFurthermore,	 ﾠsemiconductors	 ﾠare	 ﾠrarely	 ﾠ
good	 ﾠwater–splitting	 ﾠcatalysts.26	 ﾠThis	 ﾠlimitation	 ﾠmay	 ﾠbe	 ﾠaddressed	 ﾠby	 ﾠdepositing	 ﾠ
water–splitting	 ﾠcatalysts	 ﾠon	 ﾠthe	 ﾠsemi–conductor	 ﾠsurface.	 ﾠBut	 ﾠsurface	 ﾠmodification	 ﾠ
often	 ﾠaffects	 ﾠthe	 ﾠefficiency	 ﾠof	 ﾠlight	 ﾠabsorption	 ﾠand	 ﾠcharge	 ﾠseparation	 ﾠthrough	 ﾠthe	 ﾠ
semiconductor–electrolyte	 ﾠinterface	 ﾠ(SEI).2728	 ﾠSince	 ﾠcharge	 ﾠseparation	 ﾠand	 ﾠcatalysis	 ﾠ
are	 ﾠintimately	 ﾠtied	 ﾠtogether,	 ﾠoptimization	 ﾠof	 ﾠoptimization	 ﾠof	 ﾠthe	 ﾠindividual	 ﾠ
components	 ﾠof	 ﾠsuch	 ﾠa	 ﾠdevice	 ﾠis	 ﾠchallenging	 ﾠand	 ﾠsuch	 ﾠdevices	 ﾠhave	 ﾠonly	 ﾠ
demonstrated	 ﾠsolar–to–fuel	 ﾠefficiencies	 ﾠ(SFE)	 ﾠof	 ﾠless	 ﾠthan	 ﾠ1%.29	 ﾠ	 ﾠ
	 ﾠ
1.5.1	 ﾠBJ–PEC	 ﾠrequirements	 ﾠ	 ﾠ
Many	 ﾠof	 ﾠthe	 ﾠaforementioned	 ﾠchallenges	 ﾠwith	 ﾠSJ–PEC	 ﾠcan	 ﾠbe	 ﾠovercome	 ﾠby	 ﾠ
relying	 ﾠon	 ﾠa	 ﾠsolid–state	 ﾠsemiconductor–semiconductor	 ﾠjunction	 ﾠ(also	 ﾠreferred	 ﾠto	 ﾠas	 ﾠ
a	 ﾠburied	 ﾠjunction)	 ﾠto	 ﾠperform	 ﾠcharge	 ﾠseparation.	 ﾠIn	 ﾠthe	 ﾠBJ–PEC	 ﾠconfiguration	 ﾠa	 ﾠ
	 ﾠ
Figure	 ﾠ1.3	 ﾠQualitative	 ﾠschematic	 ﾠof	 ﾠan	 ﾠn–type	 ﾠsemiconductor/electrolyte	 ﾠjunction	 ﾠ
for	 ﾠphotoelectrochemical	 ﾠwater–splitting.	 ﾠ	 ﾠ 10	 ﾠ
solid–state	 ﾠjunction	 ﾠis	 ﾠformed	 ﾠeither	 ﾠbetween	 ﾠtwo	 ﾠsemiconductors	 ﾠor	 ﾠby	 ﾠdoping	 ﾠtwo	 ﾠ
sides	 ﾠof	 ﾠthe	 ﾠsame	 ﾠsemiconductor.	 ﾠBy	 ﾠcontrolling	 ﾠthe	 ﾠdoping–levels,	 ﾠthe	 ﾠwidth	 ﾠof	 ﾠthe	 ﾠ
depletion	 ﾠregion	 ﾠcan	 ﾠbe	 ﾠoptimized	 ﾠfor	 ﾠmaximum	 ﾠcharge	 ﾠseparation.30	 ﾠThirty	 ﾠyears	 ﾠof	 ﾠ
ongoing	 ﾠresearch	 ﾠin	 ﾠthe	 ﾠphotovoltaic	 ﾠ(PV)	 ﾠcommunity	 ﾠhas	 ﾠled	 ﾠto	 ﾠdoping	 ﾠas	 ﾠa	 ﾠmature	 ﾠ
technology	 ﾠand	 ﾠoptimal	 ﾠcharge	 ﾠseparation	 ﾠand	 ﾠphotovoltage	 ﾠcharacteristics	 ﾠhas	 ﾠ
been	 ﾠachieved.31	 ﾠThe	 ﾠburied–junction	 ﾠcan	 ﾠbe	 ﾠconnected	 ﾠto	 ﾠrelevant	 ﾠinterfaces	 ﾠ(e.g.	 ﾠ
for	 ﾠcharge	 ﾠinjection	 ﾠto	 ﾠcatalysts)	 ﾠthrough	 ﾠOhmic	 ﾠcontacts,	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠeither	 ﾠthin–
metal	 ﾠfilms	 ﾠor	 ﾠconductive	 ﾠoxides	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠsemiconductor.	 ﾠ
Since	 ﾠthe	 ﾠsemiconductor	 ﾠsurface	 ﾠis	 ﾠcompletely	 ﾠprotected	 ﾠfrom	 ﾠthe	 ﾠaqueous	 ﾠ
environment,	 ﾠsemiconductor	 ﾠstability	 ﾠno	 ﾠlonger	 ﾠposes	 ﾠa	 ﾠproblem.	 ﾠUltimately,	 ﾠthe	 ﾠ
only	 ﾠrequirement	 ﾠis	 ﾠof	 ﾠthe	 ﾠBJ–PEC	 ﾠis	 ﾠthat	 ﾠan	 ﾠappropriate	 ﾠvoltage	 ﾠis	 ﾠsupplied	 ﾠto	 ﾠdrive	 ﾠ
the	 ﾠHER	 ﾠand	 ﾠOER	 ﾠconversions.29	 ﾠ
	 ﾠ
Figure	 ﾠ1.4	 ﾠQualitative	 ﾠschematic	 ﾠof	 ﾠa	 ﾠburied	 ﾠsemiconductor/electrolyte	 ﾠjunction	 ﾠfor	 ﾠ
photoelectrochemical	 ﾠwater–splitting.	 ﾠ	 ﾠ	 ﾠ 11	 ﾠ
Furthermore,	 ﾠdecoupling	 ﾠthe	 ﾠabsorption	 ﾠand	 ﾠcharge	 ﾠrectification	 ﾠproperties	 ﾠfrom	 ﾠ
the	 ﾠwater–splitting	 ﾠcatalysis	 ﾠenables	 ﾠindependent	 ﾠoptimization	 ﾠof	 ﾠall	 ﾠthe	 ﾠrequired	 ﾠ
components.	 ﾠThe	 ﾠOhmic	 ﾠcontacts	 ﾠcan	 ﾠbe	 ﾠoptimized	 ﾠby	 ﾠchoosing	 ﾠhighly	 ﾠconductive	 ﾠ
materials	 ﾠwith	 ﾠproper	 ﾠband–alignment	 ﾠto	 ﾠallow	 ﾠfacile	 ﾠcharge	 ﾠtransport.32,33	 ﾠWater–
splitting	 ﾠcatalysts	 ﾠcan	 ﾠbe	 ﾠindependently	 ﾠevaluated	 ﾠand	 ﾠinterfaced.	 ﾠ	 ﾠ
	 ﾠ
1.5.2	 ﾠBJ–PEC	 ﾠdevices	 ﾠ	 ﾠ
Many	 ﾠburied	 ﾠjunction	 ﾠBJ–PEC	 ﾠdevices	 ﾠhave	 ﾠbeen	 ﾠdemonstrated	 ﾠin	 ﾠthe	 ﾠlast	 ﾠ30	 ﾠ
years.	 ﾠTo	 ﾠdate	 ﾠthe	 ﾠhighest	 ﾠsolar–to–fuels	 ﾠefficiency	 ﾠ(SFE)	 ﾠdevices	 ﾠutilized	 ﾠeither	 ﾠ
expensive	 ﾠmulti–junction	 ﾠIII–V	 ﾠsolar	 ﾠcells,34,35	 ﾠlow	 ﾠefficiency	 ﾠamorphous	 ﾠsilicon	 ﾠ(a–
Si)	 ﾠsolar	 ﾠcells,35–38	 ﾠand	 ﾠmost	 ﾠrecently	 ﾠcopper	 ﾠindium	 ﾠgallium	 ﾠdiselenide	 ﾠ(CIGS)	 ﾠsolar	 ﾠ
cells.39,40	 ﾠIn	 ﾠall	 ﾠcases	 ﾠthe	 ﾠintegrated	 ﾠBJ–PEC	 ﾠdevice	 ﾠsuffered	 ﾠfrom	 ﾠeither	 ﾠlow	 ﾠSFE,36–38	 ﾠ
and/or	 ﾠwere	 ﾠcomposed	 ﾠof	 ﾠexpensive	 ﾠPV	 ﾠmaterials,	 ﾠexpensive	 ﾠcatalysts,	 ﾠand	 ﾠoperated	 ﾠ
in	 ﾠstrongly	 ﾠacidic	 ﾠor	 ﾠbasic	 ﾠelectrolytes	 ﾠhindering	 ﾠlong–term	 ﾠstability.34,35,39,40	 ﾠFor	 ﾠ
these	 ﾠreasons,	 ﾠnone	 ﾠof	 ﾠthese	 ﾠdevices	 ﾠwere	 ﾠrealistic	 ﾠfor	 ﾠeconomic	 ﾠviability.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠ
make	 ﾠthis	 ﾠtechnology	 ﾠrealistic	 ﾠfrom	 ﾠboth	 ﾠa	 ﾠcost	 ﾠand	 ﾠstability	 ﾠperspective,	 ﾠlow–cost	 ﾠ
high	 ﾠefficiency	 ﾠPV	 ﾠmaterials	 ﾠand	 ﾠhigh	 ﾠefficiency	 ﾠearth–abundant	 ﾠcatalyst	 ﾠthat	 ﾠ
operate	 ﾠin	 ﾠbenign	 ﾠaqueous	 ﾠenvironments	 ﾠare	 ﾠnecessary.	 ﾠ	 ﾠ
	 ﾠ
1.6	 ﾠCrystalline	 ﾠSilicon	 ﾠ
	 ﾠ Silicon	 ﾠis	 ﾠprime	 ﾠcandidate	 ﾠmaterial	 ﾠfor	 ﾠburied–junction	 ﾠdevices	 ﾠowing	 ﾠto	 ﾠits	 ﾠ
almost	 ﾠoptimal	 ﾠband–gap	 ﾠof	 ﾠ1.1	 ﾠeV	 ﾠwhich	 ﾠabsorbs	 ﾠa	 ﾠlarge	 ﾠfraction	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠ
spectrum	 ﾠand	 ﾠit	 ﾠis	 ﾠthe	 ﾠsecond	 ﾠmost	 ﾠabundant	 ﾠmaterial	 ﾠon	 ﾠthe	 ﾠplanet.	 ﾠAdditionally	 ﾠ	 ﾠ 12	 ﾠ
silicon	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠmodules	 ﾠare	 ﾠone	 ﾠof	 ﾠthe	 ﾠmost	 ﾠmature	 ﾠtechnologies	 ﾠdeveloped	 ﾠ
for	 ﾠsolar	 ﾠcapture	 ﾠand	 ﾠconversion.31	 ﾠCurrently,	 ﾠthe	 ﾠrecord	 ﾠsolar	 ﾠconversion	 ﾠefficiency	 ﾠ
for	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠhas	 ﾠhit	 ﾠ25%,	 ﾠwhich	 ﾠis	 ﾠquite	 ﾠimpressive	 ﾠconsidering	 ﾠthe	 ﾠ
thermodynamic	 ﾠlimit	 ﾠof	 ﾠ29%.31,41,42	 ﾠTraditionally	 ﾠsilicon	 ﾠPV’s	 ﾠhave	 ﾠbeen	 ﾠthought	 ﾠto	 ﾠ
be	 ﾠtoo	 ﾠexpensive.11,13,43,44	 ﾠHowever,	 ﾠafter	 ﾠ30	 ﾠyears	 ﾠof	 ﾠoptimization	 ﾠthe	 ﾠprice	 ﾠof	 ﾠsilicon	 ﾠ
solar	 ﾠcells	 ﾠhas	 ﾠdeclined	 ﾠand	 ﾠthe	 ﾠconversion	 ﾠefficiency	 ﾠhas	 ﾠimproved.	 ﾠ31,41	 ﾠ,45	 ﾠ	 ﾠFrom	 ﾠ
2004–2008	 ﾠcrystalline	 ﾠsilicon	 ﾠ(c–Si)	 ﾠPV	 ﾠmodules	 ﾠremained	 ﾠsteady	 ﾠat	 ﾠ$3.5–$4	 ﾠper	 ﾠ
peak	 ﾠwatt	 ﾠ(WP–1).	 ﾠHowever,	 ﾠdue	 ﾠto	 ﾠthe	 ﾠprice	 ﾠdecrease	 ﾠin	 ﾠpolycrystalline	 ﾠsilicon,	 ﾠ
which	 ﾠis	 ﾠused	 ﾠa	 ﾠfeedstock	 ﾠmaterial	 ﾠfor	 ﾠc–Si,	 ﾠin	 ﾠ2008	 ﾠthe	 ﾠprice	 ﾠdecreased	 ﾠby	 ﾠhalf	 ﾠand	 ﾠ
in	 ﾠ2011	 ﾠfell	 ﾠbelow	 ﾠ$1	 ﾠWp–1.41–47	 ﾠIn	 ﾠorder	 ﾠto	 ﾠbe	 ﾠcost	 ﾠcompetitive	 ﾠwith	 ﾠcurrent	 ﾠthe	 ﾠ
baseload	 ﾠfossil	 ﾠfuel	 ﾠelectrical	 ﾠutility	 ﾠplants	 ﾠin	 ﾠthe	 ﾠUS	 ﾠwithout	 ﾠsubsidies	 ﾠthe	 ﾠprice	 ﾠ
needs	 ﾠto	 ﾠfurther	 ﾠdecrease	 ﾠto	 ﾠ$0.5–0.75	 ﾠWP–1.	 ﾠModeling	 ﾠand	 ﾠoutlined	 ﾠpathways	 ﾠshow	 ﾠ
	 ﾠ
Figure	 ﾠ1.5	 ﾠChinese	 ﾠc–Si	 ﾠPV	 ﾠmodule	 ﾠprices	 ﾠsince	 ﾠ2006.	 ﾠThe	 ﾠdata	 ﾠwas	 ﾠadapted	 ﾠfrom	 ﾠ
ref.	 ﾠ43.	 ﾠ	 ﾠ	 ﾠ 13	 ﾠ
that	 ﾠthis	 ﾠgoal	 ﾠshould	 ﾠbe	 ﾠachievable	 ﾠby	 ﾠthe	 ﾠyear	 ﾠ2020.47,48	 ﾠ	 ﾠHowever,	 ﾠeven	 ﾠthe	 ﾠcurrent	 ﾠ
status	 ﾠof	 ﾠc–Si	 ﾠPV’s	 ﾠhas	 ﾠmade	 ﾠthem	 ﾠa	 ﾠcost–competitive	 ﾠtechnology	 ﾠwith	 ﾠthe	 ﾠcurrent	 ﾠ
resources	 ﾠused	 ﾠin	 ﾠdeveloping	 ﾠnations	 ﾠsuch	 ﾠas	 ﾠAfrica,	 ﾠthe	 ﾠPersian	 ﾠGulf,	 ﾠand	 ﾠIndia.45	 ﾠ	 ﾠ
	 ﾠ
1.7	 ﾠEarth–abundant	 ﾠwater–splitting	 ﾠcatalysts	 ﾠ
Traditionally	 ﾠcatalysts	 ﾠfor	 ﾠwater–splitting	 ﾠinclude	 ﾠrare	 ﾠearth	 ﾠelements	 ﾠof	 ﾠ
noble	 ﾠmetals	 ﾠincluding	 ﾠPt,	 ﾠIr,	 ﾠRu.49–51	 ﾠ	 ﾠOur	 ﾠlabs	 ﾠchanged	 ﾠthe	 ﾠparadigm	 ﾠby	 ﾠdiscovering	 ﾠ
active	 ﾠcatalysts	 ﾠcomposed	 ﾠof	 ﾠEarth–abundant	 ﾠmaterials.	 ﾠOxidation	 ﾠof	 ﾠCo2+	 ﾠsalts	 ﾠin	 ﾠ
buffered	 ﾠsolutions	 ﾠyield	 ﾠa	 ﾠcobalt–oxide	 ﾠwater–oxidation	 ﾠcatalyst	 ﾠself–assembles	 ﾠ
onto	 ﾠconductive	 ﾠsubstrates.52,53	 ﾠThis	 ﾠtechnique	 ﾠhas	 ﾠbeen	 ﾠextended	 ﾠto	 ﾠother	 ﾠearth–
abundant	 ﾠmetals	 ﾠsuch	 ﾠas	 ﾠNi	 ﾠand	 ﾠMn.54–56	 ﾠThese	 ﾠcatalyst	 ﾠare	 ﾠstable	 ﾠby	 ﾠvirtue	 ﾠof	 ﾠa	 ﾠself–
healing	 ﾠmechanism,57–60	 ﾠand	 ﾠthey	 ﾠoperate	 ﾠunder	 ﾠa	 ﾠvariety	 ﾠof	 ﾠpH	 ﾠranges,55,56,61,62	 ﾠ	 ﾠand	 ﾠ
in	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠimpurities.	 ﾠ61,62	 ﾠAdditionally,	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠthat	 ﾠthese	 ﾠ
catalysts	 ﾠcan	 ﾠbe	 ﾠeasily	 ﾠinterfaced	 ﾠwith	 ﾠsemiconductors63–68	 ﾠand	 ﾠspecifically	 ﾠwith	 ﾠ
buried–junction	 ﾠsilicon	 ﾠPV’s.36,69–71	 ﾠSince	 ﾠthese	 ﾠOER	 ﾠcatalysts	 ﾠoperate	 ﾠunder	 ﾠa	 ﾠvariety	 ﾠ
of	 ﾠpH	 ﾠneutral	 ﾠconditions,	 ﾠthe	 ﾠchoice	 ﾠof	 ﾠcatalyst	 ﾠfor	 ﾠthe	 ﾠhydrogen	 ﾠevolution	 ﾠreaction	 ﾠ
(HER)	 ﾠhas	 ﾠnot	 ﾠrequired	 ﾠplatinum.36,72	 ﾠ	 ﾠSpecifically,	 ﾠNiMo(Zn)	 ﾠalloys	 ﾠfor	 ﾠhydrogen	 ﾠ
evolution,	 ﾠwhich	 ﾠalso	 ﾠself–assemble	 ﾠonto	 ﾠconductive	 ﾠsubstrates	 ﾠfrom	 ﾠan	 ﾠaqueous	 ﾠ
solution	 ﾠcontaining	 ﾠNi2+,	 ﾠsodium	 ﾠmolybdate	 ﾠand	 ﾠanhydrous	 ﾠzinc	 ﾠchloride	 ﾠin	 ﾠthe	 ﾠ
presence	 ﾠof	 ﾠpyrophosphate,	 ﾠbicarbonate,	 ﾠand	 ﾠhydrazine.	 ﾠSubsequent	 ﾠleaching	 ﾠin	 ﾠ
base	 ﾠproduces	 ﾠa	 ﾠhigh	 ﾠsurface	 ﾠarea	 ﾠmaterial.73	 ﾠTheses	 ﾠalloys	 ﾠare	 ﾠable	 ﾠto	 ﾠachieve	 ﾠ
current	 ﾠdensities	 ﾠof	 ﾠ700	 ﾠmA	 ﾠcm–2	 ﾠat	 ﾠ100	 ﾠmV	 ﾠoverpotential	 ﾠand,	 ﾠwith	 ﾠcontinued	 ﾠ	 ﾠ 14	 ﾠ
leaching,	 ﾠcan	 ﾠattain	 ﾠactivities	 ﾠas	 ﾠhigh	 ﾠas	 ﾠat	 ﾠ1000	 ﾠmA	 ﾠcm–2	 ﾠat	 ﾠan	 ﾠoverpotential	 ﾠof	 ﾠ35	 ﾠ
mV.	 ﾠ72,74	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
1.8	 ﾠOverview	 ﾠ
The	 ﾠfollowing	 ﾠchapters	 ﾠof	 ﾠthe	 ﾠthesis	 ﾠwill	 ﾠdiscuss	 ﾠthe	 ﾠinterfacing	 ﾠof	 ﾠwater–
splitting	 ﾠcatalysts	 ﾠwith	 ﾠc–Si	 ﾠphotovoltaics	 ﾠto	 ﾠproduce	 ﾠBJ–PEC	 ﾠdevices	 ﾠusing	 ﾠa	 ﾠ
completely	 ﾠmodular	 ﾠapproach.	 ﾠChapter	 ﾠ2	 ﾠfocuses	 ﾠon	 ﾠdirectly	 ﾠdepositing	 ﾠOER	 ﾠ
catalysts	 ﾠonto	 ﾠsingle–junction	 ﾠc–Si	 ﾠPV’s	 ﾠto	 ﾠcreate	 ﾠa	 ﾠlight–assisted	 ﾠphotoanode.	 ﾠOf	 ﾠ
particular	 ﾠimportance	 ﾠis	 ﾠthe	 ﾠability	 ﾠto	 ﾠprotect	 ﾠsilicon	 ﾠfrom	 ﾠthe	 ﾠoxidizing	 ﾠconditions	 ﾠ
required	 ﾠfor	 ﾠwater–splitting	 ﾠwith	 ﾠa	 ﾠprotective	 ﾠinterface.	 ﾠFabrication	 ﾠof	 ﾠthese	 ﾠsilicon	 ﾠ
photoanodes	 ﾠrequires	 ﾠoptimization	 ﾠof	 ﾠtwo	 ﾠinterfaces:	 ﾠa	 ﾠsilicon–protective	 ﾠlayer	 ﾠ
interface	 ﾠand	 ﾠa	 ﾠprotective	 ﾠlayer	 ﾠcatalyst	 ﾠinterface.	 ﾠOptimization	 ﾠof	 ﾠboth	 ﾠlead	 ﾠto	 ﾠa	 ﾠ
lower	 ﾠoverpotential	 ﾠ(as	 ﾠdetermined	 ﾠby	 ﾠTafel	 ﾠanalysis)	 ﾠrequired	 ﾠfor	 ﾠOER.	 ﾠ
Since	 ﾠa	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠcell	 ﾠdoes	 ﾠnot	 ﾠsupply	 ﾠthe	 ﾠvoltage	 ﾠrequired	 ﾠto	 ﾠ
achieve	 ﾠwater–splitting	 ﾠwithout	 ﾠthe	 ﾠuse	 ﾠof	 ﾠan	 ﾠexternal	 ﾠpotential	 ﾠbias,	 ﾠin	 ﾠorder	 ﾠto	 ﾠ
realize	 ﾠa	 ﾠstand–alone	 ﾠwater–splitting	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠc–Si,	 ﾠmultiple	 ﾠsingle–junction	 ﾠ
	 ﾠ
Figure	 ﾠ 1.6	 ﾠ Depictions	 ﾠ of	 ﾠ the	 ﾠ molecular	 ﾠ structure	 ﾠ of	 ﾠ our	 ﾠ Mn,	 ﾠ Co,	 ﾠ and	 ﾠ Ni	 ﾠ water–
oxidation	 ﾠcatalysts.	 ﾠReprinted	 ﾠwith	 ﾠpermission	 ﾠfrom	 ﾠMike	 ﾠHuynh.	 ﾠ	 ﾠ 15	 ﾠ
c–Si	 ﾠsolar	 ﾠcells	 ﾠneed	 ﾠto	 ﾠbe	 ﾠconnected	 ﾠin	 ﾠseries.	 ﾠGiven	 ﾠthat	 ﾠthe	 ﾠtechnical	 ﾠaspects	 ﾠof	 ﾠ
device	 ﾠintegration	 ﾠcan	 ﾠbe	 ﾠquite	 ﾠchallenging,	 ﾠit	 ﾠis	 ﾠbeneficial	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠbehavior	 ﾠof	 ﾠ
a	 ﾠcoupled	 ﾠphotovoltaic–electrochemical	 ﾠdevice	 ﾠ(PV–EC).	 ﾠIn	 ﾠChapter	 ﾠ3,	 ﾠsteady–state	 ﾠ
equivalent–circuit	 ﾠanalysis	 ﾠof	 ﾠa	 ﾠPV	 ﾠbased	 ﾠon	 ﾠa	 ﾠstring	 ﾠof	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠ
cells	 ﾠdriving	 ﾠan	 ﾠelectrochemical	 ﾠload	 ﾠbased	 ﾠon	 ﾠthe	 ﾠOER–catalysts	 ﾠdeveloped	 ﾠin	 ﾠour	 ﾠ
lab	 ﾠallows	 ﾠus	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠcoupled	 ﾠbehavior	 ﾠbetween	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents.	 ﾠ
Importantly	 ﾠthis	 ﾠallows	 ﾠus	 ﾠto	 ﾠobserve	 ﾠthe	 ﾠimpact	 ﾠsolar–to–fuel	 ﾠefficiency	 ﾠbased	 ﾠon	 ﾠ
parameters	 ﾠsuch	 ﾠas	 ﾠchoice	 ﾠof	 ﾠcatalysts	 ﾠas	 ﾠwell	 ﾠas	 ﾠresistive	 ﾠlosses.	 ﾠ	 ﾠ
Guided	 ﾠby	 ﾠmodeling	 ﾠand	 ﾠsimulation,	 ﾠa	 ﾠmodular	 ﾠPV–EC	 ﾠdevice	 ﾠis	 ﾠpresented	 ﾠin	 ﾠ
Chapter	 ﾠ4	 ﾠthat	 ﾠis	 ﾠconstructed	 ﾠfrom	 ﾠc–Si	 ﾠand	 ﾠnon–precious	 ﾠcatalysts.	 ﾠA	 ﾠ10%	 ﾠsolar–to–
fuels	 ﾠefficiency	 ﾠ	 ﾠis	 ﾠdemonstrated.	 ﾠThis	 ﾠchapter	 ﾠillustrates	 ﾠhow	 ﾠa	 ﾠmodular	 ﾠapproach	 ﾠ
allows	 ﾠfor	 ﾠindependent	 ﾠcharacterization	 ﾠof	 ﾠeach	 ﾠcomponent.	 ﾠ	 ﾠ
	 ﾠ The	 ﾠfinal	 ﾠchapter	 ﾠdiscusses	 ﾠfuture	 ﾠdirections	 ﾠfor	 ﾠthe	 ﾠimproved	 ﾠdesign	 ﾠof	 ﾠ
buried–junction	 ﾠdevices	 ﾠfor	 ﾠsolar–to–fuel	 ﾠconversion.	 ﾠConcepts	 ﾠare	 ﾠpresented	 ﾠfor	 ﾠ
improving	 ﾠPV–EC	 ﾠdesign	 ﾠintegration	 ﾠand	 ﾠminimizing	 ﾠcell	 ﾠresistances.	 ﾠUtilization	 ﾠof	 ﾠ
alternative	 ﾠphotovoltaic	 ﾠmaterials	 ﾠis	 ﾠpresented	 ﾠsuch	 ﾠas	 ﾠperovskite	 ﾠsolar	 ﾠcells,	 ﾠwhich	 ﾠ
in	 ﾠonly	 ﾠthe	 ﾠlast	 ﾠ5	 ﾠyears	 ﾠhave	 ﾠimmerged	 ﾠas	 ﾠa	 ﾠcheap	 ﾠPV	 ﾠmaterial	 ﾠwith	 ﾠefficiencies	 ﾠ
competitive	 ﾠwith	 ﾠc–Si.	 ﾠ75,76	 ﾠAdditionally,	 ﾠin	 ﾠorder	 ﾠto	 ﾠfacilitate	 ﾠthe	 ﾠinterfacing	 ﾠof	 ﾠ
water–splitting	 ﾠcatalysts	 ﾠwith	 ﾠPV	 ﾠmaterials,	 ﾠa	 ﾠbrief	 ﾠoverview	 ﾠand	 ﾠpreliminary	 ﾠresults	 ﾠ
are	 ﾠpresented	 ﾠthat	 ﾠestablish	 ﾠthe	 ﾠpotential	 ﾠof	 ﾠvapor–deposition	 ﾠtechniques	 ﾠto	 ﾠprovide	 ﾠ
an	 ﾠalternate	 ﾠroute	 ﾠto	 ﾠdeposit	 ﾠOER-ﾭ‐catalysts.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ 16	 ﾠ
1.	 ﾠ9	 ﾠConclusion	 ﾠ
Direct	 ﾠsolar–to–fuel	 ﾠconversion	 ﾠhas	 ﾠbeen	 ﾠidentified	 ﾠas	 ﾠa	 ﾠ“holy	 ﾠgrail”	 ﾠof	 ﾠ
science.13	 ﾠHowever,	 ﾠa	 ﾠcommitment	 ﾠto	 ﾠsolution–based	 ﾠPECs	 ﾠover	 ﾠthe	 ﾠlast	 ﾠ50	 ﾠyears	 ﾠhas	 ﾠ
impeded	 ﾠprogress	 ﾠand	 ﾠfew	 ﾠwater–splitting	 ﾠdevices	 ﾠdemonstrating	 ﾠthe	 ﾠnecessary	 ﾠ
efficiencies	 ﾠhave	 ﾠbeen	 ﾠconceived.	 ﾠThe	 ﾠfollowing	 ﾠchapters	 ﾠwill	 ﾠhighlight	 ﾠhow	 ﾠutilizing	 ﾠ
a	 ﾠmodular	 ﾠapproach	 ﾠto	 ﾠdesign	 ﾠburied	 ﾠjunction	 ﾠdevices	 ﾠallows	 ﾠfor	 ﾠindependent	 ﾠ
characterization,	 ﾠoptimization,	 ﾠand	 ﾠchoice	 ﾠof	 ﾠall	 ﾠcomponents,	 ﾠwith	 ﾠthe	 ﾠeventual	 ﾠgoal	 ﾠ
of	 ﾠcreating	 ﾠa	 ﾠhighly	 ﾠefficient	 ﾠstand–alone	 ﾠwater–splitting	 ﾠdevice	 ﾠcomposed	 ﾠof	 ﾠall	 ﾠ
non–precious	 ﾠtechnology	 ﾠready	 ﾠmaterials.	 ﾠ	 ﾠ	 ﾠ 17	 ﾠ
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2.1	 ﾠIntroduction:	 ﾠ
The	 ﾠgeneral	 ﾠrequirements	 ﾠfor	 ﾠdirect	 ﾠsolar–to–fuels	 ﾠconversion	 ﾠas	 ﾠwell	 ﾠas	 ﾠ
device	 ﾠconstructs	 ﾠwere	 ﾠdescribed	 ﾠin	 ﾠChapter	 ﾠ1.	 ﾠHowever,	 ﾠof	 ﾠthe	 ﾠtwo	 ﾠhalf–reactions	 ﾠ
required	 ﾠfor	 ﾠwater–splitting,	 ﾠthe	 ﾠcomplex	 ﾠnature	 ﾠof	 ﾠthe	 ﾠproton	 ﾠcoupled	 ﾠelectron	 ﾠ
transfer	 ﾠ(PCET)	 ﾠchemistry	 ﾠof	 ﾠthe	 ﾠwater–oxidation	 ﾠreaction1–5	 ﾠrequires	 ﾠthe	 ﾠlargest	 ﾠ
overpotential	 ﾠ(typically	 ﾠaround	 ﾠ250–400mV	 ﾠoverpotential	 ﾠat	 ﾠ10mA	 ﾠcm–2)6	 ﾠand	 ﾠthus	 ﾠ
limits	 ﾠthe	 ﾠoverall	 ﾠefficiency	 ﾠfor	 ﾠsolar–water–splitting	 ﾠdevices.7,8	 ﾠFor	 ﾠthis	 ﾠreason	 ﾠmost	 ﾠ
of	 ﾠthe	 ﾠresearch	 ﾠand	 ﾠdevelopment	 ﾠfor	 ﾠcreating	 ﾠsolar–water–splitting	 ﾠdevices	 ﾠhas	 ﾠ
focused	 ﾠon	 ﾠcreating	 ﾠphotoanodes	 ﾠthat	 ﾠare	 ﾠcapable	 ﾠof	 ﾠdriving	 ﾠthe	 ﾠwater–oxidation	 ﾠ
reaction	 ﾠas	 ﾠwell	 ﾠas	 ﾠdemonstrating	 ﾠstability	 ﾠunder	 ﾠthe	 ﾠhighly	 ﾠoxidizing	 ﾠconditions.9,10	 ﾠ
The	 ﾠprimary	 ﾠfocus	 ﾠhas	 ﾠbeen	 ﾠon	 ﾠlarge	 ﾠband–gap	 ﾠn–type	 ﾠmetal	 ﾠoxide	 ﾠ
semiconductors.9	 ﾠLarge	 ﾠband–gap	 ﾠmaterials	 ﾠshould	 ﾠbe	 ﾠable	 ﾠto	 ﾠsupply	 ﾠlarge	 ﾠ
photovoltages	 ﾠneeded	 ﾠas	 ﾠwell	 ﾠas	 ﾠremain	 ﾠstable	 ﾠunder	 ﾠoxidizing	 ﾠconditions.11	 ﾠ
However,	 ﾠeven	 ﾠafter	 ﾠdecades	 ﾠof	 ﾠresearch,	 ﾠthese	 ﾠmetal–oxide	 ﾠphotoanodes	 ﾠstill	 ﾠface	 ﾠ
numerous	 ﾠchallenges.	 ﾠFirst	 ﾠsince	 ﾠthey	 ﾠpossess	 ﾠlarge	 ﾠband–gaps,	 ﾠthey	 ﾠabsorb	 ﾠvery	 ﾠ
little	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠspectrum.	 ﾠSecond,	 ﾠthey	 ﾠare	 ﾠvery	 ﾠrarely	 ﾠconfigured	 ﾠwithin	 ﾠa	 ﾠburied–
junction,	 ﾠso	 ﾠthey	 ﾠsuffer	 ﾠfrom	 ﾠall	 ﾠthe	 ﾠaforementioned	 ﾠlimitations	 ﾠof	 ﾠthe	 ﾠsolution–
junction	 ﾠapproach.	 ﾠAdditionally,	 ﾠsince	 ﾠthe	 ﾠwater–oxidation	 ﾠreaction	 ﾠrequires	 ﾠfour	 ﾠ
hole	 ﾠequivalents,	 ﾠunder	 ﾠoperating	 ﾠconditions,	 ﾠphotogenerated	 ﾠholes	 ﾠaccumulate	 ﾠin	 ﾠ
the	 ﾠspace	 ﾠcharge	 ﾠlayer	 ﾠat	 ﾠthe	 ﾠsemiconductor–solution	 ﾠinterface	 ﾠand	 ﾠrecombination	 ﾠ
competes	 ﾠwith	 ﾠwater–oxidation.12–14	 ﾠLastly,	 ﾠsince	 ﾠthe	 ﾠkinetics	 ﾠof	 ﾠthe	 ﾠoxygen	 ﾠ
evolution	 ﾠreaction	 ﾠ(OER)	 ﾠare	 ﾠrate	 ﾠlimiting,	 ﾠoxygen	 ﾠevolution	 ﾠcatalysts	 ﾠ(OECs)	 ﾠmust	 ﾠ
be	 ﾠplaced	 ﾠon	 ﾠthe	 ﾠelectrode	 ﾠsurface.15	 ﾠSurface	 ﾠmodification	 ﾠwith	 ﾠcatalysts	 ﾠcan	 ﾠaffect	 ﾠ	 ﾠ 26	 ﾠ
the	 ﾠcharge–separation	 ﾠquality;	 ﾠsince	 ﾠcatalysts	 ﾠtypically	 ﾠaren’t	 ﾠtransparent	 ﾠonly	 ﾠthin	 ﾠ
monolayers	 ﾠcan	 ﾠbe	 ﾠused	 ﾠotherwise	 ﾠthey	 ﾠcan	 ﾠhinder	 ﾠlight	 ﾠabsorption.16	 ﾠ
Creating	 ﾠa	 ﾠphotoanode	 ﾠwith	 ﾠa	 ﾠburied–junction	 ﾠconfiguration	 ﾠcan	 ﾠcircumvent	 ﾠ
many	 ﾠof	 ﾠthe	 ﾠchallenges	 ﾠoutlined	 ﾠabove.	 ﾠYears	 ﾠof	 ﾠresearch	 ﾠhave	 ﾠled	 ﾠto	 ﾠoptimization	 ﾠof	 ﾠ
doping	 ﾠcrystalline	 ﾠsemiconductors	 ﾠwith	 ﾠsmaller	 ﾠband–gaps	 ﾠthat	 ﾠabsorb	 ﾠa	 ﾠlarge	 ﾠ
fraction	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠspectrum.	 ﾠThe	 ﾠfocus	 ﾠand	 ﾠtechnology	 ﾠready	 ﾠmaterials	 ﾠconsist	 ﾠof	 ﾠ
group	 ﾠIII–V	 ﾠsemiconductors	 ﾠ(GaAs,	 ﾠGaP),	 ﾠsilicon	 ﾠ(crystalline	 ﾠor	 ﾠamorphous),	 ﾠor	 ﾠmost	 ﾠ
recently	 ﾠfocused	 ﾠon	 ﾠcopper	 ﾠindium	 ﾠgallium	 ﾠdiselenide	 ﾠ(CIGS).	 ﾠDue	 ﾠto	 ﾠthe	 ﾠabundance	 ﾠ
and	 ﾠoverwhelming	 ﾠmarket	 ﾠadvantage	 ﾠof	 ﾠsilicon	 ﾠdiscussed	 ﾠin	 ﾠChapter	 ﾠ1,	 ﾠit	 ﾠseems	 ﾠa	 ﾠ
prime	 ﾠmaterials	 ﾠcandidate	 ﾠto	 ﾠconstruct	 ﾠa	 ﾠphotoanode	 ﾠfor	 ﾠwater–oxidation.	 ﾠ	 ﾠ
Requirements	 ﾠto	 ﾠenable	 ﾠthe	 ﾠuse	 ﾠof	 ﾠsilicon	 ﾠas	 ﾠa	 ﾠphotoanode	 ﾠmaterial	 ﾠinclude	 ﾠ
the	 ﾠneed	 ﾠto	 ﾠovercome	 ﾠthe	 ﾠinstability	 ﾠof	 ﾠsilicon	 ﾠunder	 ﾠhighly	 ﾠoxidizing	 ﾠconditions17	 ﾠas	 ﾠ
well	 ﾠas	 ﾠto	 ﾠdecrease	 ﾠthe	 ﾠkinetic	 ﾠlimitations	 ﾠfor	 ﾠthe	 ﾠwater–oxidation	 ﾠreaction	 ﾠby	 ﾠ
interfacing	 ﾠsilicon	 ﾠwith	 ﾠOECs.	 ﾠIt	 ﾠhas	 ﾠbeen	 ﾠknown	 ﾠthat	 ﾠsilicon	 ﾠsurfaces	 ﾠcan	 ﾠbe	 ﾠ
protected	 ﾠwith	 ﾠthin	 ﾠmetal	 ﾠfilms	 ﾠor	 ﾠconductive	 ﾠoxides.18–23	 ﾠThe	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠ
protective	 ﾠlayer	 ﾠis	 ﾠtwo–fold:	 ﾠit	 ﾠmust	 ﾠprotect	 ﾠthe	 ﾠsilicon	 ﾠsurface	 ﾠfrom	 ﾠoxidation	 ﾠand	 ﾠ
enable	 ﾠphotogenerated	 ﾠcarriers	 ﾠto	 ﾠmigrate	 ﾠfreely	 ﾠfrom	 ﾠthe	 ﾠburied	 ﾠsilicon	 ﾠjunction	 ﾠto	 ﾠ
immobilized	 ﾠOECs.	 ﾠIn	 ﾠother	 ﾠwords,	 ﾠan	 ﾠOhmic	 ﾠcontact	 ﾠhas	 ﾠto	 ﾠbe	 ﾠestablished	 ﾠbetween	 ﾠ
the	 ﾠPV	 ﾠelement	 ﾠand	 ﾠthe	 ﾠcatalytic	 ﾠsites,	 ﾠallowing	 ﾠfor	 ﾠcharge	 ﾠtransport	 ﾠwith	 ﾠminimum	 ﾠ
voltage	 ﾠdrops.	 ﾠThis	 ﾠrequires	 ﾠoptimization	 ﾠof	 ﾠtwo	 ﾠinterfaces,	 ﾠfirst	 ﾠthe	 ﾠsilicon–
protective	 ﾠlayer	 ﾠinterface	 ﾠand	 ﾠsecond	 ﾠthe	 ﾠprotective	 ﾠlayer/catalyst	 ﾠinterface.	 ﾠHerein	 ﾠ
we	 ﾠpresent	 ﾠa	 ﾠcontrolled	 ﾠstudy	 ﾠon	 ﾠsilicon	 ﾠphotoanode	 ﾠperformance	 ﾠas	 ﾠit	 ﾠrelates	 ﾠto	 ﾠ	 ﾠ 27	 ﾠ
interfaces	 ﾠand	 ﾠchoice	 ﾠof	 ﾠboth	 ﾠthe	 ﾠprotective	 ﾠlayer	 ﾠ(ITO,	 ﾠFTO,	 ﾠNi)	 ﾠand	 ﾠOER	 ﾠcatalysts	 ﾠ
(CoPi,	 ﾠCoBi,	 ﾠNiBi,	 ﾠNiFeO).	 ﾠ
	 ﾠ
2.2	 ﾠResults	 ﾠ
	 ﾠ Fig.	 ﾠ2.1	 ﾠshows	 ﾠa	 ﾠschematic	 ﾠof	 ﾠa	 ﾠsingle–junction	 ﾠcrystalline	 ﾠsilicon	 ﾠ(c–Si)	 ﾠ
photoanode	 ﾠused	 ﾠfor	 ﾠthese	 ﾠstudies.	 ﾠIt	 ﾠis	 ﾠworth	 ﾠnoting	 ﾠthat	 ﾠsince	 ﾠillumination	 ﾠoccurs	 ﾠ
at	 ﾠthe	 ﾠn–side,	 ﾠthe	 ﾠp–side	 ﾠcan	 ﾠbe	 ﾠcoated	 ﾠwith	 ﾠa	 ﾠprotective	 ﾠlayer	 ﾠthat	 ﾠis	 ﾠeither	 ﾠa	 ﾠ
transparent	 ﾠconductive	 ﾠoxide	 ﾠ(TCO)	 ﾠtypically	 ﾠeither	 ﾠtin–doped	 ﾠindium	 ﾠoxide	 ﾠ(ITO)	 ﾠ
or	 ﾠfluorine–doped	 ﾠtin	 ﾠoxide	 ﾠ(FTO),	 ﾠor	 ﾠan	 ﾠopaque	 ﾠthin	 ﾠmetal	 ﾠfilm.	 ﾠAdditionally,	 ﾠsince	 ﾠ
	 ﾠ
the	 ﾠOER	 ﾠcatalyst	 ﾠis	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠprotective	 ﾠmaterial,	 ﾠwhich	 ﾠis	 ﾠon	 ﾠthe	 ﾠp–side	 ﾠof	 ﾠ
the	 ﾠphotoanode,	 ﾠthere	 ﾠare	 ﾠno	 ﾠlimitations	 ﾠas	 ﾠto	 ﾠthe	 ﾠthickness	 ﾠof	 ﾠthe	 ﾠcatalyst	 ﾠlayer	 ﾠ
	 ﾠ
Figure	 ﾠ2.1	 ﾠSchematic	 ﾠof	 ﾠthe	 ﾠOER–catalyst	 ﾠfunctionalized	 ﾠsilicon	 ﾠsolar	 ﾠcell	 ﾠused	 ﾠin	 ﾠ
these	 ﾠ studies.	 ﾠ For	 ﾠ electrochemical	 ﾠ measurements,	 ﾠ an	 ﾠ external	 ﾠ voltage	 ﾠ may	 ﾠ be	 ﾠ
applied	 ﾠto	 ﾠthe	 ﾠcontacts	 ﾠat	 ﾠeither	 ﾠside	 ﾠof	 ﾠthe	 ﾠcell	 ﾠwith	 ﾠor	 ﾠwithout	 ﾠillumination.	 ﾠA.	 ﾠThe	 ﾠ
solar	 ﾠcell	 ﾠis	 ﾠoperating	 ﾠunder	 ﾠreverse	 ﾠbias	 ﾠconditions	 ﾠwith	 ﾠvoltage	 ﾠapplied	 ﾠto	 ﾠthe	 ﾠfront	 ﾠ
metal	 ﾠcontacts	 ﾠon	 ﾠthe	 ﾠn–side	 ﾠin	 ﾠthe	 ﾠdark.	 ﾠB.	 ﾠThe	 ﾠvoltage	 ﾠcan	 ﾠbe	 ﾠapplied	 ﾠdirectly	 ﾠto	 ﾠ
the	 ﾠ protective–layer,	 ﾠ in	 ﾠ which	 ﾠ case	 ﾠ the	 ﾠ PV	 ﾠ is	 ﾠ bypassed	 ﾠ and	 ﾠ the	 ﾠ current–voltage	 ﾠ
characteristics	 ﾠare	 ﾠthose	 ﾠof	 ﾠthe	 ﾠOER–catalyst	 ﾠon	 ﾠan	 ﾠelectrode.	 ﾠC.	 ﾠThe	 ﾠsolar–cell	 ﾠis	 ﾠ
illuminated	 ﾠwith	 ﾠAM	 ﾠ1.5	 ﾠillumination	 ﾠand	 ﾠthe	 ﾠcurrent–voltage	 ﾠbehavior	 ﾠreflects	 ﾠthe	 ﾠ
activity	 ﾠof	 ﾠthe	 ﾠOER–catalyst	 ﾠfunctionalized	 ﾠsolar	 ﾠcell.	 ﾠ	 ﾠ 28	 ﾠ
since	 ﾠlight	 ﾠabsorption	 ﾠoccurs	 ﾠat	 ﾠthe	 ﾠn–side.	 ﾠBecause	 ﾠthe	 ﾠCo–OECs	 ﾠand	 ﾠNi–OECs	 ﾠ
developed	 ﾠin	 ﾠour	 ﾠlab	 ﾠare	 ﾠporous	 ﾠin	 ﾠnature,	 ﾠthis	 ﾠallows	 ﾠus	 ﾠto	 ﾠdeposit	 ﾠthicker	 ﾠfilms,	 ﾠ
which	 ﾠcontain	 ﾠa	 ﾠlarger	 ﾠnumber	 ﾠof	 ﾠactive	 ﾠsites.24,25	 ﾠThe	 ﾠsecond	 ﾠmore	 ﾠnoteworthy	 ﾠ
detail	 ﾠis	 ﾠthe	 ﾠaddition	 ﾠof	 ﾠan	 ﾠoptional	 ﾠhighly	 ﾠdoped	 ﾠp+–Si	 ﾠlayer,	 ﾠwhich	 ﾠwas	 ﾠpreviously	 ﾠ
demonstrated	 ﾠto	 ﾠbe	 ﾠnecessary	 ﾠfor	 ﾠthe	 ﾠOhmic	 ﾠbehavior	 ﾠbetween	 ﾠthe	 ﾠsilicon	 ﾠand	 ﾠ
protective	 ﾠlayer	 ﾠinterface.20	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ2.2	 ﾠCV	 ﾠcurves	 ﾠof	 ﾠ(top)	 ﾠnpSi|ITO|CoPi	 ﾠand	 ﾠ(bottom)	 ﾠnpp+Si|ITO|CoPi	 ﾠin	 ﾠ0.1	 ﾠM	 ﾠ
KPi	 ﾠelectrolyte	 ﾠat	 ﾠpH	 ﾠ7	 ﾠin	 ﾠthe	 ﾠdark	 ﾠwith	 ﾠVappl	 ﾠthrough	 ﾠthe	 ﾠn–side	 ﾠof	 ﾠthe	 ﾠcell	 ﾠ(▬▬,	 ﾠ
black),	 ﾠwith	 ﾠVappl	 ﾠthought	 ﾠthe	 ﾠn–side	 ﾠunder	 ﾠ1	 ﾠsun	 ﾠAM	 ﾠ1.5	 ﾠillumination	 ﾠ(▬▬,	 ﾠgreen)	 ﾠ,	 ﾠ
and	 ﾠin	 ﾠthe	 ﾠdark	 ﾠwith	 ﾠVappl	 ﾠthrough	 ﾠthe	 ﾠITO	 ﾠlayer	 ﾠbypassing	 ﾠthe	 ﾠPV	 ﾠ(▬▬,	 ﾠblue).	 ﾠTaken	 ﾠ
from	 ﾠreference	 ﾠ20.	 ﾠ	 ﾠ 29	 ﾠ
	 ﾠ The	 ﾠimportance	 ﾠof	 ﾠthe	 ﾠp+–Si	 ﾠlayer	 ﾠis	 ﾠillustrated	 ﾠFig.	 ﾠ2.2,	 ﾠwhich	 ﾠshows	 ﾠa	 ﾠshows	 ﾠ
the	 ﾠcyclic	 ﾠvoltammagrams	 ﾠ(CV)	 ﾠfor	 ﾠa	 ﾠnpSi|ITO|CoPi	 ﾠphotoanode	 ﾠand	 ﾠ	 ﾠnpp+Si|ITO|CoPi	 ﾠ	 ﾠ
operating	 ﾠin	 ﾠ0.1	 ﾠM	 ﾠKPi	 ﾠelectrolyte	 ﾠat	 ﾠpH	 ﾠ7.	 ﾠAt	 ﾠpH	 ﾠ7,	 ﾠthe	 ﾠthermodynamic	 ﾠpotential	 ﾠfor	 ﾠ
water–oxidation	 ﾠis	 ﾠ0.82	 ﾠV	 ﾠvs.	 ﾠthe	 ﾠnormal	 ﾠhydrogen	 ﾠelectrode	 ﾠ(NHE).	 ﾠIn	 ﾠthe	 ﾠdark,	 ﾠ
measuring	 ﾠthe	 ﾠanodic	 ﾠcurrent	 ﾠby	 ﾠapplying	 ﾠthe	 ﾠpotential	 ﾠacross	 ﾠthe	 ﾠfront	 ﾠmetal	 ﾠ
contacts	 ﾠon	 ﾠthe	 ﾠn–side	 ﾠ(under	 ﾠreverse	 ﾠbias),	 ﾠthe	 ﾠcurrent	 ﾠis	 ﾠnegligible	 ﾠas	 ﾠit	 ﾠshould	 ﾠbe	 ﾠ
for	 ﾠa	 ﾠhigh	 ﾠquality	 ﾠPV	 ﾠdevice.26	 ﾠThe	 ﾠanodic	 ﾠpotential	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠapplied	 ﾠbetween	 ﾠthe	 ﾠ
ITO	 ﾠand	 ﾠcatalyst	 ﾠlayer.	 ﾠIn	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠPV	 ﾠis	 ﾠbypassed	 ﾠand	 ﾠthe	 ﾠcurrent–voltage	 ﾠ
characteristics	 ﾠmeasured	 ﾠsimply	 ﾠreflect	 ﾠthe	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠCoPi	 ﾠcatalyst	 ﾠon	 ﾠan	 ﾠITO	 ﾠ
electrode.	 ﾠThe	 ﾠCV	 ﾠshows	 ﾠthat	 ﾠthe	 ﾠonset	 ﾠfor	 ﾠwater–oxidation	 ﾠoccurs	 ﾠat	 ﾠ1.2	 ﾠV	 ﾠvs.	 ﾠNHE,	 ﾠ
which	 ﾠis	 ﾠin	 ﾠagreement	 ﾠwith	 ﾠthe	 ﾠoverpotential	 ﾠrequired	 ﾠto	 ﾠdrive	 ﾠthe	 ﾠwater–oxidation	 ﾠ	 ﾠ
reaction	 ﾠusing	 ﾠthe	 ﾠCoPi	 ﾠcatalyst	 ﾠon	 ﾠcommercial	 ﾠITO	 ﾠelectrodes.27	 ﾠWhen	 ﾠilluminating	 ﾠ
the	 ﾠphotoanode	 ﾠfrom	 ﾠthe	 ﾠn–side	 ﾠwith	 ﾠa	 ﾠlight	 ﾠintensity	 ﾠof	 ﾠ100mW	 ﾠcm–2	 ﾠ(AM	 ﾠ1.5	 ﾠ
illumination),	 ﾠthe	 ﾠpotential	 ﾠonset	 ﾠfor	 ﾠwater–oxidation	 ﾠhas	 ﾠdecreased	 ﾠas	 ﾠcompared	 ﾠto	 ﾠ
the	 ﾠmeasurement	 ﾠwhere	 ﾠPV–bypassed	 ﾠindicating	 ﾠthat	 ﾠsome	 ﾠof	 ﾠthe	 ﾠphotogenerated	 ﾠ
holes	 ﾠgenerated	 ﾠin	 ﾠthe	 ﾠsilicon	 ﾠare	 ﾠinjected	 ﾠinto	 ﾠthe	 ﾠITO	 ﾠlayer,	 ﾠand	 ﾠgo	 ﾠon	 ﾠto	 ﾠparticipate	 ﾠ	 ﾠ
in	 ﾠthe	 ﾠwater–oxidation	 ﾠreaction	 ﾠwith	 ﾠthe	 ﾠCoPi	 ﾠcatalyst.	 ﾠHowever,	 ﾠthe	 ﾠincrease	 ﾠin	 ﾠ
current	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠapplied	 ﾠpotential	 ﾠexhibits	 ﾠa	 ﾠmodest	 ﾠslope	 ﾠafter	 ﾠthe	 ﾠonset	 ﾠ
potential.	 ﾠIn	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠan	 ﾠinterface	 ﾠoxide,	 ﾠwhich	 ﾠwould	 ﾠrender	 ﾠthe	 ﾠp–Si|ITO	 ﾠa	 ﾠ	 ﾠ
Schottky–type	 ﾠcontact,	 ﾠthis	 ﾠinterface	 ﾠcan	 ﾠbe	 ﾠrepresented	 ﾠwith	 ﾠa	 ﾠtraditional	 ﾠ
semiconductor|metal	 ﾠcontact	 ﾠband–diagram.	 ﾠAs	 ﾠp–Si	 ﾠ(EF	 ﾠ=	 ﾠ5.0–5.2	 ﾠeV)28	 ﾠis	 ﾠbrought	 ﾠ
into	 ﾠcontact	 ﾠwith	 ﾠITO	 ﾠ(EF	 ﾠ=	 ﾠ4.4–4.7	 ﾠeV),29,30	 ﾠwhich	 ﾠis	 ﾠan	 ﾠn–type	 ﾠsemiconductor	 ﾠ
degenerately	 ﾠdoped	 ﾠto	 ﾠthe	 ﾠmetallic	 ﾠlimit,	 ﾠelectrons	 ﾠflow	 ﾠfrom	 ﾠITO	 ﾠgenerating	 ﾠa	 ﾠ	 ﾠ 30	 ﾠ
space–charge	 ﾠlayer	 ﾠ(up	 ﾠto	 ﾠ1	 ﾠμm)	 ﾠin	 ﾠp–Si	 ﾠthat	 ﾠis	 ﾠassociated	 ﾠwith	 ﾠdownward	 ﾠband–
bending	 ﾠ(Fig.	 ﾠ2.3A).	 ﾠThe	 ﾠrelatively	 ﾠlow	 ﾠdensity	 ﾠof	 ﾠacceptors	 ﾠin	 ﾠlightly	 ﾠdoped	 ﾠp–Si	 ﾠ
yields	 ﾠa	 ﾠlarge	 ﾠspace–charge	 ﾠlayer,	 ﾠwhich	 ﾠin	 ﾠconjunction	 ﾠwith	 ﾠdownward	 ﾠband–
bending	 ﾠprovides	 ﾠa	 ﾠbarrier	 ﾠfor	 ﾠhole	 ﾠtransport	 ﾠ(Fig.	 ﾠ2.3B).	 ﾠThis	 ﾠbarrier	 ﾠcan	 ﾠbe	 ﾠ
mitigated	 ﾠby	 ﾠheavily	 ﾠdoping	 ﾠp–Si	 ﾠto	 ﾠcreate	 ﾠa	 ﾠp+–layer,	 ﾠwhich	 ﾠcontains	 ﾠa	 ﾠhigher	 ﾠ
density	 ﾠof	 ﾠacceptors.	 ﾠThe	 ﾠresultant	 ﾠreduction	 ﾠin	 ﾠwidth	 ﾠof	 ﾠthe	 ﾠspace–charge	 ﾠlayer	 ﾠ
provides	 ﾠa	 ﾠpath	 ﾠfor	 ﾠphotogenerated	 ﾠholes	 ﾠto	 ﾠtunnel	 ﾠfrom	 ﾠp+–Si	 ﾠinto	 ﾠITO.	 ﾠ	 ﾠThis	 ﾠ
interface	 ﾠcan	 ﾠnow	 ﾠbe	 ﾠconsidered	 ﾠan	 ﾠOhmic	 ﾠcontact	 ﾠ(Fig.	 ﾠ2.3B).	 ﾠFurthermore,	 ﾠ
addition	 ﾠof	 ﾠa	 ﾠp+–layer	 ﾠintroduces	 ﾠa	 ﾠback–surface	 ﾠfield,	 ﾠwhich	 ﾠacts	 ﾠas	 ﾠa	 ﾠbarrier	 ﾠfor	 ﾠthe	 ﾠ
migration	 ﾠof	 ﾠphotogenerated	 ﾠelectrons	 ﾠtoward	 ﾠp+–Si|ITO	 ﾠinterface	 ﾠthat	 ﾠcould	 ﾠresult	 ﾠ
in	 ﾠdeleterious	 ﾠcharge	 ﾠrecombination.26	 ﾠ
	 ﾠ The	 ﾠeffects	 ﾠof	 ﾠthe	 ﾠp+–layer	 ﾠare	 ﾠexemplified	 ﾠby	 ﾠexamining	 ﾠat	 ﾠthe	 ﾠCV	 ﾠof	 ﾠthe	 ﾠ
npp+Si|ITO|CoPi	 ﾠphotoanode	 ﾠunder	 ﾠillumination	 ﾠin	 ﾠFig.	 ﾠ2.2B;	 ﾠin	 ﾠcontrast	 ﾠto	 ﾠthe	 ﾠ
npSi|ITO|CoPi	 ﾠthe	 ﾠcurrent	 ﾠincreases	 ﾠmuch	 ﾠfaster	 ﾠwith	 ﾠapplied	 ﾠpotential.	 ﾠAdditionally,	 ﾠ
	 ﾠ
Figure	 ﾠ 2.3	 ﾠ Schematic	 ﾠ showing	 ﾠ the	 ﾠ band-ﾭ‐diagrams	 ﾠ at	 ﾠ the	 ﾠ p–Si|ITO	 ﾠ interface.	 ﾠ A.	 ﾠ
Before	 ﾠcontact.	 ﾠB.	 ﾠAfter	 ﾠequilibration	 ﾠof	 ﾠFermi	 ﾠlevels	 ﾠafter	 ﾠinterfacing	 ﾠp–Si	 ﾠwith	 ﾠITO.	 ﾠ
C.	 ﾠAfter	 ﾠequilibration	 ﾠof	 ﾠthe	 ﾠFermi	 ﾠlevels	 ﾠafter	 ﾠinterfacing	 ﾠp+–Si	 ﾠwith	 ﾠITO.	 ﾠ	 ﾠ	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now	 ﾠthe	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠonset	 ﾠpotential	 ﾠfor	 ﾠwater–oxidation	 ﾠbetween	 ﾠthe	 ﾠlight	 ﾠand	 ﾠ
the	 ﾠsituation	 ﾠwhere	 ﾠthe	 ﾠPV	 ﾠis	 ﾠbypassed,	 ﾠmatches	 ﾠthe	 ﾠVOC	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell.	 ﾠ	 ﾠ
	 ﾠ The	 ﾠsteady–state	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠcatalyst	 ﾠfunctionalized	 ﾠsilicon	 ﾠsolar	 ﾠcells	 ﾠ
can	 ﾠbe	 ﾠevaluated	 ﾠby	 ﾠusing	 ﾠTafel	 ﾠanalysis.	 ﾠWhile	 ﾠTafel	 ﾠanalysis	 ﾠis	 ﾠtypically	 ﾠused	 ﾠto	 ﾠ
determine	 ﾠmechanistic	 ﾠbehavior,	 ﾠfor	 ﾠthe	 ﾠexperiments	 ﾠdescribed	 ﾠhere,	 ﾠmechanistic	 ﾠ
information	 ﾠabout	 ﾠthe	 ﾠOER–catalysts	 ﾠfrom	 ﾠthe	 ﾠTafel	 ﾠplot	 ﾠis	 ﾠconvoluted	 ﾠby	 ﾠthe	 ﾠ
electrical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠPV	 ﾠand	 ﾠTCO/Ni	 ﾠcomponents	 ﾠof	 ﾠthe	 ﾠanode.	 ﾠAccordingly,	 ﾠ
the	 ﾠTafel	 ﾠdata	 ﾠis	 ﾠexamined	 ﾠsolely	 ﾠas	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠthe	 ﾠsteady–state	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠ
photo–assisted	 ﾠanode	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠapplied	 ﾠpotential.	 ﾠFig.	 ﾠ2.4	 ﾠshows	 ﾠthe	 ﾠTafel	 ﾠ	 ﾠ
analysis	 ﾠof	 ﾠthe	 ﾠnpp+Si|ITO|CoPi	 ﾠin	 ﾠthe	 ﾠdark	 ﾠshows	 ﾠa	 ﾠhigh	 ﾠslope	 ﾠof	 ﾠ285	 ﾠmV	 ﾠdecade–1,	 ﾠ
again	 ﾠcorresponding	 ﾠto	 ﾠa	 ﾠhigh	 ﾠquality	 ﾠjunction.	 ﾠIn	 ﾠthe	 ﾠconfiguration	 ﾠwhere	 ﾠthe	 ﾠPV	 ﾠis	 ﾠ
	 ﾠ
Figure	 ﾠ2.4	 ﾠTafel	 ﾠplots	 ﾠfor	 ﾠnpp+Si|ITO|CoPi	 ﾠwith	 ﾠpotential	 ﾠapplied	 ﾠto	 ﾠthe	 ﾠmetal	 ﾠfront	 ﾠ
contact	 ﾠ for	 ﾠ measurements	 ﾠ in	 ﾠ dark	 ﾠ (black	 ﾠ squares,	 ﾠ n),	 ﾠ at	 ﾠ 100	 ﾠ mW	 ﾠ cm–2	 ﾠ (green	 ﾠ
squares,	 ﾠ n),	 ﾠ and	 ﾠ 1000	 ﾠ mW	 ﾠ cm–2	 ﾠ (orange	 ﾠ red	 ﾠ squares,	 ﾠ n)	 ﾠ illumination.	 ﾠ The	 ﾠ blue	 ﾠ
triangles	 ﾠ(▲)	 ﾠcorrespond	 ﾠto	 ﾠa	 ﾠmeasurement	 ﾠin	 ﾠdark	 ﾠwhere	 ﾠthe	 ﾠpotential	 ﾠwas	 ﾠapplied	 ﾠ
through	 ﾠthe	 ﾠITO	 ﾠfilm	 ﾠat	 ﾠthe	 ﾠback	 ﾠof	 ﾠthe	 ﾠsample.	 ﾠFigure	 ﾠtaken	 ﾠfrom	 ﾠref	 ﾠ20.	 ﾠ	 ﾠ
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bypassed,	 ﾠthe	 ﾠslope	 ﾠis	 ﾠsignificantly	 ﾠlowered	 ﾠ110	 ﾠmV	 ﾠdecade–1.	 ﾠThe	 ﾠslope	 ﾠunder	 ﾠ
illumination	 ﾠis	 ﾠidentical	 ﾠand	 ﾠthe	 ﾠonly	 ﾠdifference	 ﾠis	 ﾠthat	 ﾠthe	 ﾠapplied	 ﾠvoltage	 ﾠfor	 ﾠthe	 ﾠ	 ﾠ
water–oxidation	 ﾠreaction	 ﾠis	 ﾠdecreased	 ﾠby	 ﾠthe	 ﾠVOC	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell.	 ﾠThis	 ﾠimplies	 ﾠthat	 ﾠ
the	 ﾠaddition	 ﾠof	 ﾠthe	 ﾠp+–layer	 ﾠallows	 ﾠfor	 ﾠoptimal	 ﾠconduction	 ﾠfrom	 ﾠthe	 ﾠPV	 ﾠto	 ﾠthe	 ﾠ
catalyst.	 ﾠ	 ﾠHowever,	 ﾠa	 ﾠslope	 ﾠof	 ﾠ110	 ﾠmV	 ﾠdecade–1	 ﾠis	 ﾠstill	 ﾠhigher	 ﾠthan	 ﾠthe	 ﾠ60	 ﾠmV	 ﾠdecade–
1	 ﾠslope	 ﾠwe	 ﾠwould	 ﾠexpect	 ﾠbased	 ﾠon	 ﾠstudies	 ﾠof	 ﾠthe	 ﾠCoPi	 ﾠcatalyst	 ﾠon	 ﾠcommercial	 ﾠITO	 ﾠ
electrodes.	 ﾠThis	 ﾠindicates	 ﾠthat	 ﾠthere	 ﾠis	 ﾠhindered	 ﾠconduction	 ﾠacross	 ﾠthe	 ﾠITO	 ﾠlayer	 ﾠto	 ﾠ
the	 ﾠOER	 ﾠcatalyst.20	 ﾠ
	 ﾠ
2.2.1	 ﾠOptimization	 ﾠof	 ﾠOER–catalyst	 ﾠfunctionalized	 ﾠsilicon	 ﾠsolar–cells	 ﾠ	 ﾠ
	 ﾠ The	 ﾠsolar	 ﾠcells	 ﾠused	 ﾠin	 ﾠthe	 ﾠprevious	 ﾠstudy	 ﾠdemonstrated	 ﾠless	 ﾠthan	 ﾠoptimal	 ﾠ
performance.	 ﾠThe	 ﾠJ–V	 ﾠcurve	 ﾠfor	 ﾠgeneration	 ﾠ1	 ﾠsolar	 ﾠcells	 ﾠdisplayed	 ﾠJSC	 ﾠ=	 ﾠ26.7mA	 ﾠcm–2,	 ﾠ
VOC	 ﾠ=	 ﾠ0.57	 ﾠV,	 ﾠand	 ﾠfill	 ﾠfactors	 ﾠof	 ﾠ0.47	 ﾠgiving	 ﾠPV	 ﾠefficiencies	 ﾠof	 ﾠ7.1%.	 ﾠThis	 ﾠlimits	 ﾠthe	 ﾠ
electrochemical	 ﾠexperiments	 ﾠto	 ﾠ~3	 ﾠmA	 ﾠcm–2,	 ﾠwhich	 ﾠis	 ﾠadequate	 ﾠfor	 ﾠthe	 ﾠpurposes	 ﾠof	 ﾠ
general	 ﾠelectrochemical	 ﾠcharacterization,	 ﾠbut	 ﾠwith	 ﾠthe	 ﾠeventual	 ﾠgoal	 ﾠwould	 ﾠbe	 ﾠto	 ﾠ
implement	 ﾠthese	 ﾠsolar	 ﾠcells	 ﾠinto	 ﾠa	 ﾠstand–alone	 ﾠwater–splitting	 ﾠdevice	 ﾠimprovement	 ﾠ
is	 ﾠnecessary.20	 ﾠFor	 ﾠgeneration	 ﾠ2	 ﾠsolar	 ﾠcell,	 ﾠa	 ﾠSi3N4	 ﾠlayer	 ﾠwas	 ﾠemployed	 ﾠon	 ﾠthe	 ﾠn–Si	 ﾠ
surface	 ﾠto	 ﾠact	 ﾠas	 ﾠa	 ﾠpassivation	 ﾠlayer	 ﾠby	 ﾠtying	 ﾠup	 ﾠdangling	 ﾠbonds	 ﾠand	 ﾠas	 ﾠan	 ﾠanti–
reflection	 ﾠcoating.	 ﾠAdditionally,	 ﾠthe	 ﾠfront	 ﾠmetal	 ﾠcontact	 ﾠgrid	 ﾠwas	 ﾠpatterned	 ﾠ
photolithographically	 ﾠsuch	 ﾠthat	 ﾠboth	 ﾠseries	 ﾠresistance	 ﾠand	 ﾠshadowing	 ﾠwere	 ﾠ
minimized.	 ﾠThe	 ﾠresulting	 ﾠgeneration	 ﾠ2	 ﾠsolar	 ﾠcells	 ﾠpossessed	 ﾠJSC	 ﾠ=	 ﾠ28–34	 ﾠmA	 ﾠcm–2,	 ﾠVOC	 ﾠ
=	 ﾠ0.5–0.53	 ﾠV,	 ﾠand	 ﾠfill	 ﾠfactors	 ﾠranging	 ﾠfrom	 ﾠ0.7–0.77,	 ﾠresulting	 ﾠin	 ﾠPV	 ﾠefficiencies	 ﾠof	 ﾠ
10–13%.	 ﾠ	 ﾠ	 ﾠ 33	 ﾠ
	 ﾠ
The	 ﾠprevious	 ﾠresults	 ﾠsuggest	 ﾠthat	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠOER–catalyst	 ﾠ
functionalized	 ﾠsilicon	 ﾠphotoanode	 ﾠdepends	 ﾠon	 ﾠboth	 ﾠintrinsic	 ﾠcatalyst	 ﾠactivity	 ﾠas	 ﾠwell	 ﾠ
as	 ﾠthe	 ﾠprotective	 ﾠmaterial	 ﾠused	 ﾠto	 ﾠinterface	 ﾠthe	 ﾠOER–catalyst	 ﾠwith	 ﾠthe	 ﾠsolar	 ﾠcell.	 ﾠFor	 ﾠ
typical	 ﾠexperiments	 ﾠused	 ﾠto	 ﾠisolate	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠan	 ﾠOER–catalyst,	 ﾠhigh	 ﾠquality	 ﾠ
commercial	 ﾠelectrodes	 ﾠand	 ﾠprecisely	 ﾠcontrolled	 ﾠdeposition	 ﾠconditions	 ﾠare	 ﾠused	 ﾠsuch	 ﾠ
that	 ﾠthe	 ﾠobserved	 ﾠcurrent–voltage	 ﾠbehavior	 ﾠis	 ﾠtruly	 ﾠindicative	 ﾠof	 ﾠthe	 ﾠcatalyst’s	 ﾠ
mechanism.	 ﾠHowever,	 ﾠmost	 ﾠfabrication	 ﾠprocedures	 ﾠthat	 ﾠenable	 ﾠsuch	 ﾠhigh	 ﾠquality	 ﾠ
electrode	 ﾠmaterials	 ﾠimplement	 ﾠhigh	 ﾠtemperature	 ﾠdeposition	 ﾠconditions	 ﾠthat	 ﾠare	 ﾠ
detrimental	 ﾠto	 ﾠsolar	 ﾠcells.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠachieve	 ﾠmaximal	 ﾠanode	 ﾠactivity,	 ﾠit	 ﾠis	 ﾠpreferable	 ﾠ
if	 ﾠthe	 ﾠcurrent–voltage	 ﾠbehavior	 ﾠclosely	 ﾠmimics	 ﾠthe	 ﾠintrinsic	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠcatalyst	 ﾠ
and	 ﾠthe	 ﾠprotective	 ﾠmaterial	 ﾠused	 ﾠhas	 ﾠlittle	 ﾠinfluence	 ﾠover	 ﾠanode	 ﾠactivity.	 ﾠ
	 ﾠ
Figure	 ﾠ2.5	 ﾠRepresentative	 ﾠJ–V	 ﾠcurve	 ﾠfor	 ﾠgeneration	 ﾠ2	 ﾠnpp+–Si	 ﾠsolar	 ﾠcells	 ﾠused	 ﾠin	 ﾠthis	 ﾠ
study	 ﾠin	 ﾠthe	 ﾠdark	 ﾠ(▬▬,	 ﾠblack)	 ﾠand	 ﾠunder	 ﾠAM	 ﾠ1.5	 ﾠillumination	 ﾠ(▬▬,	 ﾠblue).	 ﾠ	 ﾠ	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Additionally,	 ﾠsince	 ﾠITO	 ﾠis	 ﾠa	 ﾠrather	 ﾠexpensive	 ﾠmaterial,	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠknown	 ﾠto	 ﾠshow	 ﾠ
exhibit	 ﾠchanges	 ﾠin	 ﾠelectrochemical	 ﾠproperties	 ﾠat	 ﾠanodic	 ﾠpotentials,31	 ﾠand	 ﾠpoor	 ﾠlong–
term	 ﾠstability19	 ﾠit	 ﾠis	 ﾠpreferable	 ﾠto	 ﾠsubstitute	 ﾠITO	 ﾠwith	 ﾠalternative	 ﾠmaterials	 ﾠsuch	 ﾠas	 ﾠ
FTO	 ﾠor	 ﾠthin	 ﾠmetal	 ﾠfilms.	 ﾠFor	 ﾠthis	 ﾠreason,	 ﾠa	 ﾠvariety	 ﾠof	 ﾠsilicon	 ﾠsolar	 ﾠcells	 ﾠwith	 ﾠvarious	 ﾠ
protective–layer/catalyst	 ﾠcombinations	 ﾠwere	 ﾠexamined	 ﾠto	 ﾠestablish	 ﾠdesign	 ﾠ
principles	 ﾠthat	 ﾠneed	 ﾠto	 ﾠbe	 ﾠconsidered	 ﾠwhen	 ﾠinterfacing	 ﾠcatalysts	 ﾠwith	 ﾠsilicon	 ﾠsolar	 ﾠ
cells.	 ﾠFor	 ﾠexample,	 ﾠFig.	 ﾠ2.6	 ﾠshows	 ﾠscanning	 ﾠelectron	 ﾠmicrograph	 ﾠ(SEM)	 ﾠimages	 ﾠof	 ﾠthe	 ﾠ
CoBi	 ﾠcatalyst	 ﾠdeposited	 ﾠon	 ﾠFTO	 ﾠand	 ﾠNi,	 ﾠrespectively.	 ﾠIn	 ﾠboth	 ﾠcases	 ﾠthe	 ﾠmorphology	 ﾠof	 ﾠ
the	 ﾠCoBi	 ﾠcatalyst	 ﾠis	 ﾠsimilar	 ﾠand	 ﾠcomprises	 ﾠa	 ﾠroughened	 ﾠsurface	 ﾠthat	 ﾠexhibits	 ﾠ
spherical	 ﾠnodules;	 ﾠthe	 ﾠFTO|CoBi	 ﾠelectrode	 ﾠshows	 ﾠlarger	 ﾠaggregates	 ﾠof	 ﾠthese	 ﾠnodules	 ﾠ
owing	 ﾠto	 ﾠa	 ﾠlonger	 ﾠdeposition	 ﾠtime	 ﾠto	 ﾠachieve	 ﾠthe	 ﾠsame	 ﾠamount	 ﾠof	 ﾠcharge	 ﾠpassed.	 ﾠ
Since	 ﾠNi	 ﾠis	 ﾠprone	 ﾠto	 ﾠoxidation	 ﾠat	 ﾠthe	 ﾠsame	 ﾠpotentials	 ﾠrequired	 ﾠfor	 ﾠdeposition,	 ﾠthe	 ﾠ
amount	 ﾠof	 ﾠcharge	 ﾠpassed	 ﾠover	 ﾠa	 ﾠgiven	 ﾠtime	 ﾠperiod	 ﾠdoes	 ﾠnot	 ﾠcorrespond	 ﾠto	 ﾠa	 ﾠ
controlled	 ﾠcatalyst	 ﾠthickness,	 ﾠas	 ﾠis	 ﾠthe	 ﾠcase	 ﾠof	 ﾠan	 ﾠITO	 ﾠor	 ﾠFTO	 ﾠelectrode.	 ﾠ
	 ﾠ The	 ﾠoxidation	 ﾠof	 ﾠNi	 ﾠcan	 ﾠbe	 ﾠfurther	 ﾠconfirmed	 ﾠby	 ﾠmeasuring	 ﾠthe	 ﾠFaradaic	 ﾠ
efficiency	 ﾠof	 ﾠthe	 ﾠOER–functionalized	 ﾠsilicon	 ﾠelectrode,	 ﾠwhich	 ﾠallows	 ﾠus	 ﾠto	 ﾠassess	 ﾠthe	 ﾠ
extent	 ﾠto	 ﾠwhich	 ﾠthe	 ﾠcurrent	 ﾠproduced	 ﾠfrom	 ﾠthe	 ﾠcell	 ﾠis	 ﾠconsumed	 ﾠin	 ﾠthe	 ﾠ4e––4H+	 ﾠ
	 ﾠ
Figure	 ﾠ2.6	 ﾠPlane	 ﾠview	 ﾠSEM	 ﾠimages	 ﾠof	 ﾠOER–catalyts	 ﾠdeposited	 ﾠon	 ﾠsurface–protected	 ﾠ
npp+Si|electrodes.	 ﾠFrom	 ﾠleft	 ﾠto	 ﾠright	 ﾠA	 ﾠnpp+|FTO|CoBi	 ﾠand	 ﾠB	 ﾠnpp+Si|Ni|CoBi.	 ﾠ	 ﾠ	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water–oxidation	 ﾠprocess	 ﾠto	 ﾠO2.	 ﾠ
Fig.	 ﾠ2.7	 ﾠshows	 ﾠa	 ﾠcomparison	 ﾠbetween	 ﾠNi	 ﾠand	 ﾠFTO	 ﾠpassivated	 ﾠsolar	 ﾠcells,	 ﾠboth	 ﾠ
functionalized	 ﾠwith	 ﾠthe	 ﾠCoBi	 ﾠcatalyst.	 ﾠThe	 ﾠFaradaic	 ﾠefficiency	 ﾠof	 ﾠa	 ﾠFTO–protected	 ﾠ
electrode	 ﾠis	 ﾠunity	 ﾠwhereas	 ﾠthat	 ﾠof	 ﾠthe	 ﾠNi	 ﾠprotective	 ﾠcoating	 ﾠis	 ﾠca.	 ﾠ80%.	 ﾠ	 ﾠ
	 ﾠ Fig.	 ﾠ2.8	 ﾠshows	 ﾠrepresentative	 ﾠTafel	 ﾠplots	 ﾠfor	 ﾠa	 ﾠCoBi–functionalized	 ﾠsolar	 ﾠcell	 ﾠ
with	 ﾠthe	 ﾠthree	 ﾠdifferent	 ﾠinterfaces	 ﾠmaterials	 ﾠITO,	 ﾠFTO,	 ﾠand	 ﾠNi.	 ﾠConsistent	 ﾠwith	 ﾠ
previous	 ﾠresults,	 ﾠin	 ﾠall	 ﾠcases,	 ﾠthe	 ﾠonset	 ﾠfor	 ﾠwater	 ﾠoxidation	 ﾠis	 ﾠshifted	 ﾠnegatively	 ﾠby	 ﾠ
0.5	 ﾠV	 ﾠat	 ﾠany	 ﾠapplied	 ﾠoverpotential,	 ﾠthus	 ﾠindicating	 ﾠthat	 ﾠthe	 ﾠphotovoltage	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠ
cell	 ﾠis	 ﾠefficiently	 ﾠharnessed	 ﾠfor	 ﾠsolar–to–fuel	 ﾠconversion.	 ﾠDespite	 ﾠthe	 ﾠsimilar	 ﾠvoltage	 ﾠ
offset,	 ﾠdifferent	 ﾠTafel	 ﾠslopes	 ﾠare	 ﾠobserved	 ﾠfor	 ﾠthe	 ﾠthree	 ﾠsystems.	 ﾠThe	 ﾠremaining	 ﾠ
variation	 ﾠin	 ﾠthe	 ﾠslopes	 ﾠof	 ﾠthe	 ﾠblue	 ﾠand	 ﾠred	 ﾠdots	 ﾠcan	 ﾠbe	 ﾠfully	 ﾠattributed	 ﾠto	 ﾠdifferent	 ﾠ
electrical	 ﾠresistances	 ﾠacross	 ﾠthe	 ﾠprotective	 ﾠlayer/catalyst	 ﾠinterface,	 ﾠsince	 ﾠthe	 ﾠ
composition	 ﾠof	 ﾠthe	 ﾠprotective	 ﾠlayer	 ﾠis	 ﾠthe	 ﾠonly	 ﾠparameter	 ﾠthat	 ﾠis	 ﾠvaried	 ﾠbetween	 ﾠFig.	 ﾠ
2.8	 ﾠa–c.	 ﾠThe	 ﾠTafel	 ﾠslopes	 ﾠpresented	 ﾠin	 ﾠFig.	 ﾠ2.8	 ﾠembody	 ﾠthe	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠinherent	 ﾠ
activity	 ﾠand	 ﾠinterfacial	 ﾠresistance.	 ﾠ
	 ﾠ
Figure	 ﾠ 2.7	 ﾠO2	 ﾠproduction	 ﾠmeasured	 ﾠby	 ﾠa	 ﾠfluorescent	 ﾠsensor	 ﾠ(▬▬,	 ﾠ red)	 ﾠand	 ﾠ the	 ﾠ
amount	 ﾠ produced	 ﾠ based	 ﾠ on	 ﾠ current	 ﾠ passed	 ﾠ assuming	 ﾠ 100%	 ﾠ Faradaic	 ﾠ efficiency	 ﾠ
(▬▬,	 ﾠgreen)	 ﾠfor	 ﾠ(left)	 ﾠnpp+–Si|FTO|CoBi	 ﾠand	 ﾠ(right)	 ﾠnpp+–Si|Ni|CoBi.	 ﾠ	 ﾠ	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Resistive	 ﾠlosses	 ﾠat	 ﾠthis	 ﾠinterface	 ﾠwill	 ﾠreduce	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠelectrode,	 ﾠsince	 ﾠ
the	 ﾠresulting	 ﾠvoltage	 ﾠdrop	 ﾠresults	 ﾠin	 ﾠan	 ﾠeffective	 ﾠlower	 ﾠpotential	 ﾠavailable	 ﾠfor	 ﾠOER	 ﾠ
catalysis.	 ﾠOther	 ﾠOER–catalysts	 ﾠsuch	 ﾠas	 ﾠNiBi	 ﾠand	 ﾠNiFeO	 ﾠwere	 ﾠalso	 ﾠemployed	 ﾠin	 ﾠorder	 ﾠ
to	 ﾠobserve	 ﾠthe	 ﾠinfluence	 ﾠof	 ﾠcatalysts	 ﾠwith	 ﾠbetter	 ﾠactivity	 ﾠthan	 ﾠthe	 ﾠCoBi.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠ
The	 ﾠCoBi	 ﾠand	 ﾠNiBi	 ﾠcatalysts	 ﾠhave	 ﾠintrinsic	 ﾠTafel	 ﾠslopes	 ﾠof	 ﾠ60	 ﾠand	 ﾠ30	 ﾠmV	 ﾠdecade–1,	 ﾠ
respectively,	 ﾠarising	 ﾠfrom	 ﾠa	 ﾠone–	 ﾠelectron	 ﾠand	 ﾠtwo–electron	 ﾠpre–equilibrium	 ﾠprior	 ﾠ
to	 ﾠa	 ﾠchemical	 ﾠrate–determining	 ﾠstep.27,32,33	 ﾠFor	 ﾠthe	 ﾠcase	 ﾠof	 ﾠNiFeO,	 ﾠthe	 ﾠTafel	 ﾠslope	 ﾠis	 ﾠ
known	 ﾠto	 ﾠexhibit	 ﾠvariance	 ﾠin	 ﾠthe	 ﾠrate–limiting	 ﾠstep	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠFe	 ﾠcontent,	 ﾠbut	 ﾠ
is	 ﾠgenerally	 ﾠreported	 ﾠto	 ﾠbe	 ﾠ45	 ﾠmV	 ﾠdecade–1.34–36	 ﾠ	 ﾠ
The	 ﾠTafel	 ﾠslopes	 ﾠfor	 ﾠthe	 ﾠvarious	 ﾠsystems	 ﾠare	 ﾠsummarized	 ﾠin	 ﾠshown	 ﾠin	 ﾠGraph	 ﾠ2.1	 ﾠ
and	 ﾠin	 ﾠall	 ﾠcases	 ﾠthe	 ﾠoverall	 ﾠTafel	 ﾠslope	 ﾠexceeds	 ﾠthe	 ﾠintrinsic	 ﾠTafel	 ﾠslopes	 ﾠof	 ﾠthe	 ﾠ
catalysts,	 ﾠthus	 ﾠindicating	 ﾠthat	 ﾠthere	 ﾠis	 ﾠa	 ﾠseries	 ﾠresistance	 ﾠresulting	 ﾠfrom	 ﾠthe	 ﾠ
interface.	 ﾠMetal	 ﾠinterfaces	 ﾠare	 ﾠknown	 ﾠto	 ﾠmake	 ﾠvery	 ﾠgood	 ﾠOhmic	 ﾠcontacts18	 ﾠwhereas	 ﾠ
the	 ﾠelectrical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠTCO’s	 ﾠdepends	 ﾠstrongly	 ﾠon	 ﾠthe	 ﾠdeposition	 ﾠconditions	 ﾠ
	 ﾠ
Figure	 ﾠ 2.8	 ﾠ Tafel	 ﾠ plots	 ﾠ of	 ﾠ (a)	 ﾠ npp+Si|ITO|CoBi	 ﾠ (b)	 ﾠ npp+Si|FTO|CoBi	 ﾠ and	 ﾠ (c)	 ﾠ
npp+Si|Ni|CoBi.	 ﾠ With	 ﾠ the	 ﾠ potential	 ﾠ applied	 ﾠ to	 ﾠ the	 ﾠ metal	 ﾠ front	 ﾠ contact	 ﾠ for	 ﾠ
measurements	 ﾠin	 ﾠthe	 ﾠdark	 ﾠ(●),	 ﾠunder	 ﾠ1	 ﾠsun	 ﾠAM	 ﾠ1.5	 ﾠillumination	 ﾠ(●),	 ﾠand	 ﾠin	 ﾠthe	 ﾠdark	 ﾠ
with	 ﾠthe	 ﾠpotential	 ﾠapplied	 ﾠthrough	 ﾠthe	 ﾠprotective	 ﾠcoating	 ﾠat	 ﾠthe	 ﾠback	 ﾠof	 ﾠthe	 ﾠsample	 ﾠ	 ﾠ
(●).	 ﾠ	 ﾠ 37	 ﾠ
of	 ﾠthe	 ﾠTCO.18,37,38	 ﾠIt	 ﾠshould	 ﾠbe	 ﾠnoted	 ﾠthat	 ﾠfor	 ﾠthese	 ﾠstudies	 ﾠthe	 ﾠelectrical	 ﾠand	 ﾠquality	 ﾠ
of	 ﾠthe	 ﾠinterface	 ﾠmaterials	 ﾠused	 ﾠwere	 ﾠbased	 ﾠon	 ﾠease	 ﾠof	 ﾠfabrication	 ﾠand	 ﾠdeposition	 ﾠ
conditions	 ﾠthat	 ﾠwere	 ﾠnon–detrimental	 ﾠto	 ﾠsolar	 ﾠcell	 ﾠoperation	 ﾠas	 ﾠopposed	 ﾠutilizing	 ﾠ
high	 ﾠtemperature	 ﾠcommercial	 ﾠdeposition	 ﾠtechniques	 ﾠsuch	 ﾠas	 ﾠatomic–layer	 ﾠ
deposition	 ﾠor	 ﾠchemical	 ﾠvapor	 ﾠdeposition	 ﾠ(ALD	 ﾠand	 ﾠCVD,	 ﾠrespectively),	 ﾠwhich	 ﾠ
produce	 ﾠmore	 ﾠuniform,	 ﾠhigh	 ﾠquality	 ﾠmaterials.	 ﾠFor	 ﾠexample,	 ﾠthe	 ﾠsheet	 ﾠresistance	 ﾠof	 ﾠ
the	 ﾠprotective	 ﾠcoating	 ﾠused	 ﾠvaried	 ﾠfor	 ﾠdifferent	 ﾠmaterials.	 ﾠThe	 ﾠresistance	 ﾠof	 ﾠ
sputtered	 ﾠNi	 ﾠwas	 ﾠmeasured	 ﾠto	 ﾠbe	 ﾠvery	 ﾠlow	 ﾠ(13	 ﾠΩ	 ﾠsq–1).	 ﾠBut	 ﾠthe	 ﾠsheet	 ﾠresistance	 ﾠof	 ﾠ
the	 ﾠFTO,	 ﾠas	 ﾠmeasured	 ﾠin	 ﾠa	 ﾠfour–point	 ﾠprobe	 ﾠmeasurement	 ﾠon	 ﾠan	 ﾠFTO	 ﾠdeposited	 ﾠon	 ﾠ
glass,	 ﾠwas	 ﾠfound	 ﾠto	 ﾠbe	 ﾠ41Ω	 ﾠsq–1.	 ﾠFor	 ﾠcommercial	 ﾠFTO	 ﾠon	 ﾠglass	 ﾠ(prepared	 ﾠby	 ﾠCVD	 ﾠat	 ﾠ
600	 ﾠoC),	 ﾠthe	 ﾠsheet	 ﾠresistance	 ﾠis	 ﾠ7Ω	 ﾠsq–1.	 ﾠUsing	 ﾠprofilometry,	 ﾠwe	 ﾠdetermined	 ﾠthat	 ﾠour	 ﾠ
sprayed	 ﾠFTO	 ﾠhad	 ﾠa	 ﾠthickness	 ﾠof	 ﾠ400	 ﾠnm,	 ﾠso	 ﾠthe	 ﾠvoltage	 ﾠdrop	 ﾠdue	 ﾠto	 ﾠresistive	 ﾠlosses	 ﾠ
within	 ﾠsuch	 ﾠa	 ﾠthin	 ﾠFTO	 ﾠand/or	 ﾠITO	 ﾠare	 ﾠpresumably	 ﾠnot	 ﾠvery	 ﾠlarge.	 ﾠHowever,	 ﾠwe	 ﾠ
cannot	 ﾠexclude	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠlocal	 ﾠinhomogeneities	 ﾠin	 ﾠthe	 ﾠFTO/ITO	 ﾠthat	 ﾠcould	 ﾠ
potentially	 ﾠlead	 ﾠto	 ﾠlocal	 ﾠvoltage	 ﾠdrops.	 ﾠ	 ﾠ
	 ﾠ
2.3	 ﾠDiscussion	 ﾠ
The	 ﾠdifferent	 ﾠTafel	 ﾠslopes	 ﾠshown	 ﾠin	 ﾠFig.	 ﾠ2.8	 ﾠand	 ﾠshown	 ﾠin	 ﾠGraph	 ﾠ2.1	 ﾠdepend	 ﾠ
both	 ﾠon	 ﾠcatalytic	 ﾠactivity	 ﾠand	 ﾠOhmic	 ﾠresistances	 ﾠarising	 ﾠprimarily	 ﾠbetween	 ﾠthe	 ﾠ
catalyst|Si	 ﾠinterface,	 ﾠand	 ﾠthe	 ﾠvariability	 ﾠin	 ﾠthe	 ﾠdata	 ﾠcan	 ﾠbe	 ﾠexplained	 ﾠby	 ﾠone	 ﾠor	 ﾠa	 ﾠ
combination	 ﾠof	 ﾠthe	 ﾠabove	 ﾠexplanations.	 ﾠTo	 ﾠisolate	 ﾠthe	 ﾠlatter,	 ﾠwe	 ﾠexamined	 ﾠthe	 ﾠanode	 ﾠ
activity	 ﾠof	 ﾠa	 ﾠvariety	 ﾠof	 ﾠcatalyst–protective	 ﾠcoating	 ﾠcombinations	 ﾠon	 ﾠthe	 ﾠSi	 ﾠburied	 ﾠ	 ﾠ 38	 ﾠ
junction.	 ﾠFor	 ﾠa	 ﾠgiven	 ﾠOER	 ﾠcatalyst,	 ﾠthe	 ﾠtrend	 ﾠis	 ﾠthe	 ﾠsame.	 ﾠThe	 ﾠTafel	 ﾠslope	 ﾠfor	 ﾠa	 ﾠFTO–
coated	 ﾠelectrode	 ﾠis	 ﾠlower	 ﾠthan	 ﾠthat	 ﾠof	 ﾠITO,	 ﾠand	 ﾠNi–coated	 ﾠelectrodes	 ﾠexhibit	 ﾠhigh	 ﾠ
variability.	 ﾠ
	 ﾠ	 ﾠ
We	 ﾠbelieve	 ﾠthat	 ﾠthe	 ﾠvariance	 ﾠof	 ﾠthe	 ﾠNi	 ﾠinterface	 ﾠarises	 ﾠfrom	 ﾠoxidation	 ﾠof	 ﾠthe	 ﾠ
Ni	 ﾠto	 ﾠNiO.39	 ﾠThe	 ﾠattenuated	 ﾠFaradaic	 ﾠefficiency	 ﾠof	 ﾠthe	 ﾠNi–coated	 ﾠelectrode	 ﾠsupports	 ﾠ
this	 ﾠcontention	 ﾠinasmuch	 ﾠas	 ﾠsome	 ﾠcurrent	 ﾠwould	 ﾠbe	 ﾠappropriated	 ﾠfor	 ﾠthe	 ﾠoxidation	 ﾠ
of	 ﾠNi	 ﾠto	 ﾠNiO.	 ﾠWe	 ﾠnote	 ﾠthat	 ﾠformation	 ﾠof	 ﾠa	 ﾠNiO	 ﾠlayer	 ﾠdoes	 ﾠnot	 ﾠneed	 ﾠto	 ﾠbe	 ﾠdetrimental	 ﾠ
to	 ﾠthe	 ﾠoverall	 ﾠOER	 ﾠprocess	 ﾠsince	 ﾠNiO	 ﾠis	 ﾠknown	 ﾠto	 ﾠbe	 ﾠconductive	 ﾠand	 ﾠhence	 ﾠwill	 ﾠnot	 ﾠ
necessarily	 ﾠimpair	 ﾠhole	 ﾠtransport	 ﾠfrom	 ﾠthe	 ﾠburied	 ﾠjunction.22,40	 ﾠ	 ﾠThis	 ﾠsuggests	 ﾠthat	 ﾠ
Tafel	 ﾠslopes	 ﾠdo	 ﾠnot	 ﾠalways	 ﾠjust	 ﾠreflect	 ﾠOhmic	 ﾠresistances	 ﾠbut	 ﾠthat	 ﾠthe	 ﾠcurrent	 ﾠdoes	 ﾠ
not	 ﾠnecessarily	 ﾠtranslate	 ﾠto	 ﾠwater	 ﾠsplitting	 ﾠas	 ﾠindicated	 ﾠby	 ﾠFig.	 ﾠ2.7.	 ﾠIt	 ﾠis	 ﾠconceivable	 ﾠ
	 ﾠ
Figure	 ﾠ2.9	 ﾠGraph	 ﾠshowing	 ﾠthe	 ﾠvariability	 ﾠin	 ﾠTafel	 ﾠslope	 ﾠfor	 ﾠvarious	 ﾠcombinations	 ﾠof	 ﾠ
OER–catalyst	 ﾠfunctionalized	 ﾠc–Si	 ﾠsolar	 ﾠcells.	 ﾠ	 ﾠThe	 ﾠred	 ﾠlines	 ﾠindicate	 ﾠthe	 ﾠvalue	 ﾠbased	 ﾠ
on	 ﾠpreviously	 ﾠreported	 ﾠTafel	 ﾠanalysis.	 ﾠ	 ﾠ 39	 ﾠ
that	 ﾠduring	 ﾠoxidation	 ﾠof	 ﾠNi	 ﾠto	 ﾠNiO,	 ﾠthe	 ﾠcontact	 ﾠof	 ﾠthe	 ﾠprotective	 ﾠSi	 ﾠsurface	 ﾠchanges,	 ﾠ
leading	 ﾠto	 ﾠinhomogeneous	 ﾠinterfacial	 ﾠproperties	 ﾠand	 ﾠchanges	 ﾠin	 ﾠanode	 ﾠactivity,	 ﾠas	 ﾠ
we	 ﾠobserved.	 ﾠWe	 ﾠshow	 ﾠin	 ﾠTable	 ﾠ1	 ﾠthat	 ﾠthe	 ﾠconsequences	 ﾠof	 ﾠNi	 ﾠoxidation	 ﾠmay	 ﾠbe	 ﾠ
mitigated	 ﾠby	 ﾠusing	 ﾠa	 ﾠmore	 ﾠdense	 ﾠcatalyst	 ﾠsuch	 ﾠas	 ﾠNiFeO	 ﾠ(Faradaic	 ﾠefficiency	 ﾠof	 ﾠ92%).	 ﾠ
Table	 ﾠ2.1	 ﾠSummary	 ﾠof	 ﾠFaradaic	 ﾠefficiencies	 ﾠfor	 ﾠ	 ﾠ
npp+–Si|interface|catalyst	 ﾠfilms.	 ﾠ
Electrode	 ﾠ Faradaic	 ﾠ
Efficiency	 ﾠ(%)	 ﾠ
npp+Si|ITO|CoBi	 ﾠ 100	 ﾠ
npp+Si|ITO|NiBi	 ﾠ 100	 ﾠ
npp+Si|FTO|CoBi	 ﾠ 100	 ﾠ
npp+Si|FTO|NiBi	 ﾠ 100	 ﾠ
npp+|Si|FTO|NiFeO	 ﾠ 100	 ﾠ
npp+Si|Ni|CoBi	 ﾠ 86	 ﾠ
npp+Si|Ni|NiBi	 ﾠ 80	 ﾠ
npp+Si|Ni|NiFeO	 ﾠ 92	 ﾠ
	 ﾠ
Importantly,	 ﾠrecent	 ﾠresults	 ﾠin	 ﾠthe	 ﾠliterature	 ﾠhave	 ﾠshown	 ﾠthat	 ﾠthin	 ﾠmetal	 ﾠfilms	 ﾠ
such	 ﾠas	 ﾠNi	 ﾠhave	 ﾠbeen	 ﾠdeposited	 ﾠon	 ﾠsilicon	 ﾠusing	 ﾠ(using	 ﾠElectron–beam	 ﾠevaporation	 ﾠ
or	 ﾠALD)	 ﾠhave	 ﾠdemonstrated	 ﾠthat	 ﾠthey	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠserve	 ﾠas	 ﾠboth	 ﾠa	 ﾠprotective	 ﾠ
coating	 ﾠand	 ﾠonce	 ﾠoxidized,	 ﾠas	 ﾠthe	 ﾠOER–catalyst.22,41	 ﾠGiven	 ﾠthe	 ﾠgood	 ﾠOhmic	 ﾠcontact	 ﾠ
between	 ﾠsilicon	 ﾠand	 ﾠNi	 ﾠor	 ﾠother	 ﾠmetal	 ﾠfilms,	 ﾠsuch	 ﾠan	 ﾠapproach	 ﾠmay	 ﾠcontribute	 ﾠto	 ﾠ
optimization	 ﾠof	 ﾠelectrode	 ﾠactivity.	 ﾠ
	 ﾠ
2.4	 ﾠConclusion	 ﾠ 	 ﾠ
The	 ﾠabove	 ﾠdemonstrates	 ﾠthat	 ﾠthe	 ﾠoverpotential	 ﾠfor	 ﾠwater	 ﾠsplitting	 ﾠby	 ﾠa	 ﾠ
buried–junction	 ﾠphotoelectrochemical	 ﾠdevice	 ﾠ(BJ–PEC)	 ﾠcan	 ﾠbe	 ﾠsignificantly	 ﾠ	 ﾠ 40	 ﾠ
improved	 ﾠthrough	 ﾠoptimization	 ﾠof	 ﾠthe	 ﾠinterface	 ﾠbetween	 ﾠthe	 ﾠSi	 ﾠjunction	 ﾠand	 ﾠOER	 ﾠ
catalyst.	 ﾠAlthough	 ﾠthe	 ﾠconductivity	 ﾠand	 ﾠquality	 ﾠof	 ﾠthe	 ﾠinterface	 ﾠmaterials	 ﾠcould	 ﾠbe	 ﾠ
improved	 ﾠby	 ﾠoptimizing	 ﾠdeposition	 ﾠconditions	 ﾠ(ALD,	 ﾠCVD	 ﾠetc.),	 ﾠwhat	 ﾠremains	 ﾠclear	 ﾠ
is	 ﾠthat	 ﾠthe	 ﾠmaterials	 ﾠused	 ﾠto	 ﾠinterface	 ﾠsemiconductors	 ﾠwith	 ﾠwater–splitting	 ﾠcatalysts	 ﾠ
influence	 ﾠphotoanode	 ﾠactivity.	 ﾠFurthermore,	 ﾠthe	 ﾠability	 ﾠto	 ﾠindependently	 ﾠ
characterize	 ﾠand	 ﾠoptimize	 ﾠeach	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠphotoanode	 ﾠhighlights	 ﾠthe	 ﾠ
modular	 ﾠapproach	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠused	 ﾠwith	 ﾠburied–junction	 ﾠdevices.	 ﾠ	 ﾠWhile	 ﾠthe	 ﾠsingle–
junction	 ﾠsolar	 ﾠcells	 ﾠused	 ﾠdo	 ﾠnot	 ﾠsupply	 ﾠenough	 ﾠvoltage	 ﾠto	 ﾠsplit	 ﾠwater	 ﾠwithout	 ﾠthe	 ﾠuse	 ﾠ
of	 ﾠan	 ﾠexternal	 ﾠpotential	 ﾠbias,	 ﾠthe	 ﾠdesign	 ﾠprinciples	 ﾠreported	 ﾠhere	 ﾠshow	 ﾠthat	 ﾠthe	 ﾠ
interface	 ﾠoptimization	 ﾠbetween	 ﾠthe	 ﾠsilicon	 ﾠsolar	 ﾠcell	 ﾠand	 ﾠOER	 ﾠcatalyst	 ﾠresults	 ﾠin	 ﾠa	 ﾠ
higher	 ﾠactivity	 ﾠphotoanode,	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠconstruct	 ﾠa	 ﾠstand–alone	 ﾠwater–
splitting	 ﾠdevice.	 ﾠ
	 ﾠ
2.5	 ﾠExperimental	 ﾠ	 ﾠ
Solar	 ﾠcell	 ﾠfabrication.	 ﾠSolar	 ﾠcell	 ﾠfabrication	 ﾠgeneration	 ﾠ1	 ﾠand	 ﾠ2:	 ﾠFor	 ﾠthe	 ﾠ
studies	 ﾠincluded,	 ﾠtwo	 ﾠiterations	 ﾠof	 ﾠsolar	 ﾠcell	 ﾠfabrication	 ﾠprocedures	 ﾠwere	 ﾠemployed.	 ﾠ
Boron–doped	 ﾠp–type	 ﾠsilicon	 ﾠwas	 ﾠcommercially	 ﾠpurchased	 ﾠ(International	 ﾠWafer	 ﾠ
Service)	 ﾠand	 ﾠused	 ﾠas	 ﾠa	 ﾠstarting	 ﾠmaterial	 ﾠ(3’’	 ﾠdiameter,	 ﾠ0.3–0.5	 ﾠmm	 ﾠthick).	 ﾠThe	 ﾠ
resistivity	 ﾠwas	 ﾠ3	 ﾠΩcm–2,	 ﾠcorresponding	 ﾠto	 ﾠa	 ﾠdopant	 ﾠconcentration	 ﾠof	 ﾠ5×1015	 ﾠcm–3.	 ﾠ
Prior	 ﾠto	 ﾠphosphorous	 ﾠdiffusion,	 ﾠwafers	 ﾠwere	 ﾠcleaned	 ﾠusing	 ﾠthe	 ﾠRCA	 ﾠprocess	 ﾠto	 ﾠ
remove	 ﾠorganic	 ﾠand	 ﾠmetallic	 ﾠcontaminants	 ﾠas	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠHandbook	 ﾠof	 ﾠ
Semiconductor	 ﾠWafer	 ﾠCleaning	 ﾠTechnology	 ﾠ(41).	 ﾠAn	 ﾠnp–Si	 ﾠjunction	 ﾠwas	 ﾠcreated	 ﾠvia	 ﾠ
phosphorus	 ﾠdiffusion	 ﾠby	 ﾠheating	 ﾠthe	 ﾠsubstrate	 ﾠin	 ﾠa	 ﾠtube	 ﾠfurnace	 ﾠwhile	 ﾠflowing	 ﾠ	 ﾠ 41	 ﾠ
phosphoryl	 ﾠchloride	 ﾠ(POCl3)	 ﾠin	 ﾠa	 ﾠnitrogen	 ﾠcarrier	 ﾠgas	 ﾠat	 ﾠ822	 ﾠ°C	 ﾠfor	 ﾠ20	 ﾠmin,	 ﾠfollowed	 ﾠ
by	 ﾠ20	 ﾠmin	 ﾠof	 ﾠannealing	 ﾠin	 ﾠan	 ﾠO2–N2	 ﾠatmosphere	 ﾠat	 ﾠ822	 ﾠ°C.	 ﾠIn	 ﾠthis	 ﾠconfiguration,	 ﾠ
phosphorus	 ﾠdiffusion	 ﾠoccurs	 ﾠon	 ﾠboth	 ﾠsides	 ﾠof	 ﾠthe	 ﾠwafer,	 ﾠresulting	 ﾠin	 ﾠan	 ﾠnpn–wafer.	 ﾠ
The	 ﾠprocessing	 ﾠyields	 ﾠan	 ﾠemitter	 ﾠwith	 ﾠa	 ﾠsheet	 ﾠresistance	 ﾠbetween	 ﾠ60–70	 ﾠΩ	 ﾠsquare–1.	 ﾠ	 ﾠ
As	 ﾠa	 ﾠresult	 ﾠof	 ﾠthe	 ﾠhigh–temperature	 ﾠtreatment	 ﾠin	 ﾠair,	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠnpn–wafer	 ﾠ
was	 ﾠcovered	 ﾠwith	 ﾠa	 ﾠphosphorus	 ﾠsilicate	 ﾠglass	 ﾠsurface	 ﾠlayer,	 ﾠwhich	 ﾠwas	 ﾠremoved	 ﾠby	 ﾠ
dipping	 ﾠin	 ﾠ10%	 ﾠHF	 ﾠsolution.	 ﾠTo	 ﾠcreate	 ﾠthe	 ﾠoptional	 ﾠp+	 ﾠlayer,	 ﾠa	 ﾠ1μm	 ﾠfilm	 ﾠof	 ﾠ
aluminum–doped	 ﾠsilicon	 ﾠ(1%	 ﾠSi)	 ﾠwas	 ﾠsputtered	 ﾠonto	 ﾠone	 ﾠside	 ﾠthe	 ﾠnpn–wafer	 ﾠ
followed	 ﾠby	 ﾠa	 ﾠrapid	 ﾠthermal	 ﾠannealing	 ﾠ(RTA)	 ﾠstep	 ﾠin	 ﾠN2	 ﾠat	 ﾠ900	 ﾠ°C.	 ﾠDuring	 ﾠthe	 ﾠRTA	 ﾠ
step,	 ﾠAl	 ﾠdiffuses	 ﾠthrough	 ﾠthe	 ﾠn–Si	 ﾠlayer	 ﾠand	 ﾠconverts	 ﾠit	 ﾠto	 ﾠan	 ﾠnpp+–Si	 ﾠwafer.	 ﾠFor	 ﾠ
generation	 ﾠ2	 ﾠsolar	 ﾠcells,	 ﾠa	 ﾠSi3N4	 ﾠlayer	 ﾠwas	 ﾠemployed	 ﾠon	 ﾠthe	 ﾠn–Si	 ﾠsurface	 ﾠas	 ﾠa	 ﾠ
passivation	 ﾠlayer	 ﾠand	 ﾠas	 ﾠan	 ﾠanti–reflection	 ﾠcoating	 ﾠlayer.	 ﾠThe	 ﾠSi3N4	 ﾠlayer	 ﾠwas	 ﾠformed	 ﾠ
in	 ﾠa	 ﾠTystar	 ﾠfurnace	 ﾠby	 ﾠlow–pressure	 ﾠchemical	 ﾠvapor	 ﾠdeposition	 ﾠusing	 ﾠa	 ﾠ3:1	 ﾠmixture	 ﾠ
of	 ﾠammonia	 ﾠand	 ﾠdichlorosiline	 ﾠ(pressure	 ﾠ=250	 ﾠmTorr)	 ﾠat	 ﾠ770	 ﾠ°C	 ﾠfor	 ﾠ20	 ﾠmin,	 ﾠyielding	 ﾠ
a	 ﾠ80	 ﾠnm–thick	 ﾠfilm	 ﾠwith	 ﾠa	 ﾠrefractive	 ﾠindex	 ﾠof	 ﾠ2.01.	 ﾠAdditionally,	 ﾠthe	 ﾠgrid	 ﾠwas	 ﾠ
optimized	 ﾠfor	 ﾠboth	 ﾠseries	 ﾠresistance	 ﾠand	 ﾠshadowing.	 ﾠUsing	 ﾠphotolithography	 ﾠseven	 ﾠ
equally	 ﾠspaced	 ﾠgrid	 ﾠlines	 ﾠ(width	 ﾠ25	 ﾠmm)	 ﾠcollected	 ﾠcurrent	 ﾠfrom	 ﾠa	 ﾠ1.10	 ﾠcm2	 ﾠdevice.	 ﾠ	 ﾠ
A	 ﾠcontact–passivation	 ﾠlayer	 ﾠwas	 ﾠdeposited	 ﾠatop	 ﾠthe	 ﾠaluminum	 ﾠcontact	 ﾠto	 ﾠ
isolate	 ﾠit	 ﾠfrom	 ﾠcatalytic	 ﾠprocesses.	 ﾠFilms	 ﾠof	 ﾠindium–tin–oxide	 ﾠ(ITO)	 ﾠor	 ﾠNi	 ﾠwere	 ﾠ
deposited	 ﾠon	 ﾠthe	 ﾠp+–side	 ﾠof	 ﾠthe	 ﾠnpp+–Si	 ﾠwafer	 ﾠusing	 ﾠan	 ﾠAJA	 ﾠInternational	 ﾠsputtering	 ﾠ
system	 ﾠ(Orion	 ﾠ5).	 ﾠThe	 ﾠAJA	 ﾠsystem	 ﾠis	 ﾠequipped	 ﾠwith	 ﾠthree	 ﾠ300	 ﾠW	 ﾠguns,	 ﾠtwo	 ﾠof	 ﾠwhich	 ﾠ
are	 ﾠRF	 ﾠfor	 ﾠeither	 ﾠconductive	 ﾠor	 ﾠdielectric	 ﾠmaterials,	 ﾠand	 ﾠone	 ﾠof	 ﾠwhich	 ﾠis	 ﾠDC	 ﾠfor	 ﾠ
conductive	 ﾠmaterials	 ﾠonly	 ﾠ100	 ﾠnm	 ﾠthick	 ﾠITO	 ﾠwas	 ﾠreactively	 ﾠsputtered	 ﾠin	 ﾠan	 ﾠ11:1	 ﾠ	 ﾠ 42	 ﾠ
mixture	 ﾠof	 ﾠAr:O2.	 ﾠTo	 ﾠimprove	 ﾠconductivity	 ﾠof	 ﾠthe	 ﾠITO	 ﾠlayer37	 ﾠthe	 ﾠentire	 ﾠsilicon	 ﾠwafer	 ﾠ
was	 ﾠthen	 ﾠannealed	 ﾠin	 ﾠa	 ﾠN2	 ﾠatmosphere	 ﾠat	 ﾠ400	 ﾠ°C	 ﾠfor	 ﾠ45	 ﾠmin.	 ﾠNickel	 ﾠfilms	 ﾠ100	 ﾠnm	 ﾠ
thick	 ﾠwere	 ﾠsputtered	 ﾠin	 ﾠa	 ﾠpure	 ﾠAr	 ﾠenvironment.	 ﾠIn	 ﾠall	 ﾠcases,	 ﾠthe	 ﾠpressure	 ﾠwas	 ﾠ~4	 ﾠ×	 ﾠ
10–6	 ﾠbar	 ﾠand	 ﾠdeposition	 ﾠrates	 ﾠof	 ﾠall	 ﾠfilms	 ﾠwere	 ﾠmeasured	 ﾠusing	 ﾠa	 ﾠquartz	 ﾠcrystal	 ﾠ
monitor	 ﾠ(QCM)	 ﾠin	 ﾠa	 ﾠpreliminary	 ﾠ‘conditioning’	 ﾠrun.	 ﾠFTO	 ﾠwas	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠp+–
side	 ﾠof	 ﾠthe	 ﾠsilicon	 ﾠwafer	 ﾠby	 ﾠspray	 ﾠpyrolysis.	 ﾠIn	 ﾠa	 ﾠtypical	 ﾠspray	 ﾠdeposition,	 ﾠ60	 ﾠmL	 ﾠof	 ﾠ
ethanol	 ﾠcontaining	 ﾠ4.2	 ﾠg	 ﾠSnCl4•5H2O	 ﾠand	 ﾠ0.7	 ﾠmL	 ﾠsaturated	 ﾠNH4F	 ﾠwas	 ﾠused	 ﾠto	 ﾠcoat	 ﾠ
one	 ﾠ3ˊˊ	 ﾠdiameter	 ﾠwafer	 ﾠwith	 ﾠFTO.	 ﾠBefore	 ﾠthe	 ﾠspray	 ﾠpyrolysis,	 ﾠthe	 ﾠsilicon	 ﾠwafer	 ﾠwas	 ﾠ
heated	 ﾠto	 ﾠ400	 ﾠ°C	 ﾠin	 ﾠair.	 ﾠAfter	 ﾠspraying	 ﾠthe	 ﾠFTO	 ﾠprecursor	 ﾠsolution,	 ﾠa	 ﾠtransparent	 ﾠfilm	 ﾠ
formed	 ﾠon	 ﾠthe	 ﾠwafer.	 ﾠThis	 ﾠFTO	 ﾠcoated	 ﾠwafer	 ﾠwas	 ﾠannealed	 ﾠat	 ﾠ400	 ﾠ°C	 ﾠin	 ﾠair	 ﾠfor	 ﾠ1	 ﾠh.	 ﾠ
Ti/Pd/Ag	 ﾠmetal	 ﾠcontacts	 ﾠwere	 ﾠdeposited	 ﾠ(20	 ﾠ/	 ﾠ20	 ﾠ/	 ﾠ250	 ﾠnm,	 ﾠTi	 ﾠadjacent	 ﾠto	 ﾠSi)	 ﾠon	 ﾠthe	 ﾠ
n–side	 ﾠof	 ﾠthe	 ﾠsilicon	 ﾠwafer;	 ﾠthe	 ﾠresidual	 ﾠAl	 ﾠfrom	 ﾠthe	 ﾠformation	 ﾠof	 ﾠthe	 ﾠp+	 ﾠlayer	 ﾠwas	 ﾠ
used	 ﾠto	 ﾠcontact	 ﾠthe	 ﾠbase	 ﾠof	 ﾠthe	 ﾠPV	 ﾠdevice.	 ﾠFollowing	 ﾠmetallization,	 ﾠthe	 ﾠ3ˊˊ	 ﾠdiameter	 ﾠ
wafer	 ﾠwas	 ﾠcut	 ﾠinto	 ﾠ1.5	 ﾠ×	 ﾠ2.5	 ﾠcm2	 ﾠpieces	 ﾠusing	 ﾠa	 ﾠ1064	 ﾠnm	 ﾠYAG	 ﾠlaser	 ﾠcutter.	 ﾠ
Electrochemical	 ﾠMethods.	 ﾠ	 ﾠElectrochemical	 ﾠexperiments	 ﾠwere	 ﾠperformed	 ﾠ
using	 ﾠa	 ﾠCH	 ﾠInstruments	 ﾠ760D	 ﾠpotentiostat	 ﾠand	 ﾠan	 ﾠAg/AgCl	 ﾠreference	 ﾠelectrode	 ﾠ
(BASi,	 ﾠMF–2052).	 ﾠAll	 ﾠelectrode	 ﾠpotentials	 ﾠwere	 ﾠconverted	 ﾠto	 ﾠthe	 ﾠNHE	 ﾠscale	 ﾠusing	 ﾠ
E(NHE)	 ﾠ=	 ﾠE(Ag/AgCl)	 ﾠ+	 ﾠ0.197.	 ﾠPlatinum	 ﾠmesh	 ﾠ(Alfa	 ﾠAesar)	 ﾠwas	 ﾠused	 ﾠas	 ﾠthe	 ﾠauxiliary	 ﾠ
electrode.	 ﾠUnless	 ﾠotherwise	 ﾠstated,	 ﾠthe	 ﾠelectrolyte	 ﾠwas	 ﾠ0.5	 ﾠM	 ﾠpotassium	 ﾠborate	 ﾠ(Bi)	 ﾠ
at	 ﾠa	 ﾠpH	 ﾠof	 ﾠ9.2	 ﾠwith	 ﾠ1.5	 ﾠM	 ﾠKNO3	 ﾠas	 ﾠa	 ﾠsupporting	 ﾠelectrolyte.	 ﾠ	 ﾠ
Catalyst	 ﾠFilm	 ﾠPreparation.	 ﾠCatalyst	 ﾠfilms	 ﾠwere	 ﾠdeposited	 ﾠon	 ﾠcompleted	 ﾠPV–
devices	 ﾠthat	 ﾠincluded	 ﾠa	 ﾠcontact–passivation	 ﾠlayer.	 ﾠCatalyst	 ﾠfilms	 ﾠof	 ﾠCoBi	 ﾠand	 ﾠNiBi	 ﾠ	 ﾠ 43	 ﾠ
electrodeposited	 ﾠin	 ﾠa	 ﾠtwo–compartment	 ﾠelectrochemical	 ﾠcell	 ﾠwith	 ﾠa	 ﾠglass	 ﾠfrit	 ﾠ
junction	 ﾠof	 ﾠfine	 ﾠporosity.	 ﾠThe	 ﾠworking	 ﾠcompartment	 ﾠwas	 ﾠcharged	 ﾠwith	 ﾠ~50	 ﾠmL	 ﾠof	 ﾠ
solution	 ﾠof	 ﾠ25	 ﾠmL	 ﾠof	 ﾠ0.2	 ﾠM	 ﾠBi	 ﾠelectrolyte	 ﾠand	 ﾠ25	 ﾠmL	 ﾠof	 ﾠ1	 ﾠmM	 ﾠCo2+	 ﾠor	 ﾠNi2+	 ﾠsolution.	 ﾠ
The	 ﾠauxiliary	 ﾠcompartment	 ﾠwas	 ﾠcharged	 ﾠwith	 ﾠ~50	 ﾠmL	 ﾠof	 ﾠ0.1	 ﾠM	 ﾠBi	 ﾠelectrolyte.	 ﾠThe	 ﾠ
working	 ﾠelectrode	 ﾠwas	 ﾠa	 ﾠ1.5	 ﾠ×	 ﾠ2.5	 ﾠcm2	 ﾠpiece	 ﾠof	 ﾠnpp+–silicon	 ﾠsolar	 ﾠcell,	 ﾠfabricated	 ﾠas	 ﾠ
described	 ﾠabove.	 ﾠTypically,	 ﾠa	 ﾠ1	 ﾠcm2	 ﾠarea	 ﾠof	 ﾠthe	 ﾠworking	 ﾠelectrode	 ﾠwas	 ﾠimmersed	 ﾠin	 ﾠ
the	 ﾠsolution	 ﾠand	 ﾠelectrolysis	 ﾠwas	 ﾠcarried	 ﾠby	 ﾠapplying	 ﾠ0.85	 ﾠV	 ﾠvs.	 ﾠNHE	 ﾠdirectly	 ﾠto	 ﾠthe	 ﾠ
TCO/Ni	 ﾠside	 ﾠuntil	 ﾠ26	 ﾠmC	 ﾠcm–2	 ﾠof	 ﾠcharge	 ﾠhad	 ﾠpassed	 ﾠfor	 ﾠCoBi	 ﾠdeposition,	 ﾠand	 ﾠ2.6	 ﾠmC	 ﾠ
cm–2	 ﾠof	 ﾠcharge	 ﾠhad	 ﾠpassed	 ﾠfor	 ﾠNiBi	 ﾠdeposition.	 ﾠHigh–activity	 ﾠNiBi	 ﾠis	 ﾠachieved	 ﾠby	 ﾠ
anodizing	 ﾠNiBi	 ﾠfilms	 ﾠin	 ﾠ1	 ﾠM	 ﾠKBi	 ﾠby	 ﾠpassage	 ﾠof	 ﾠ3.5	 ﾠmA	 ﾠcm–2	 ﾠfor	 ﾠ1	 ﾠh	 ﾠwith	 ﾠstirring.33,42	 ﾠ
NiFeO	 ﾠcatalyst	 ﾠfilms	 ﾠwere	 ﾠdeposited	 ﾠby	 ﾠreactive	 ﾠsputtering	 ﾠusing	 ﾠthe	 ﾠAJA	 ﾠ
International	 ﾠsputtering	 ﾠsystem,	 ﾠmentioned	 ﾠabove.	 ﾠFilms	 ﾠof	 ﾠ100	 ﾠnm	 ﾠthickness	 ﾠwere	 ﾠ
deposited	 ﾠby	 ﾠreactive	 ﾠsputtering	 ﾠfrom	 ﾠan	 ﾠiron–doped	 ﾠnickel	 ﾠsputtering	 ﾠtarget	 ﾠ(19%	 ﾠ
Fe)	 ﾠin	 ﾠan	 ﾠAr:O2	 ﾠatmosphere	 ﾠof	 ﾠ3:1.34	 ﾠ
Photoelectrochemical	 ﾠMethods.	 ﾠPhotoelectrochemistry	 ﾠexperiments	 ﾠwere	 ﾠ
performed	 ﾠin	 ﾠa	 ﾠone–compartment	 ﾠquartz	 ﾠcell.	 ﾠThe	 ﾠlight	 ﾠsource	 ﾠwas	 ﾠa	 ﾠSol	 ﾠ2A	 ﾠsolar	 ﾠ
simulator	 ﾠ(Newport	 ﾠCorp.).	 ﾠ
Tafel	 ﾠData	 ﾠCollection.	 ﾠThe	 ﾠTafel	 ﾠbehavior	 ﾠof	 ﾠsurface–passivated,	 ﾠcatalyst–
functionalized,	 ﾠsolar	 ﾠcells	 ﾠwas	 ﾠmeasured	 ﾠin	 ﾠthe	 ﾠregion	 ﾠof	 ﾠwater	 ﾠoxidation	 ﾠover	 ﾠa	 ﾠ200	 ﾠ
mV	 ﾠrange	 ﾠin	 ﾠ10–30	 ﾠmV	 ﾠincrements.	 ﾠDepending	 ﾠon	 ﾠthe	 ﾠwhether	 ﾠPi	 ﾠor	 ﾠBi	 ﾠanalogous	 ﾠof	 ﾠ
the	 ﾠcatalysts	 ﾠwere	 ﾠused,	 ﾠmeasurements	 ﾠwere	 ﾠconducted	 ﾠin	 ﾠa	 ﾠsolution	 ﾠcontaining	 ﾠ0.5	 ﾠ	 ﾠ 44	 ﾠ
M	 ﾠKBi/KPi	 ﾠand	 ﾠ1.5	 ﾠKNO3	 ﾠat	 ﾠpH	 ﾠ9.2,	 ﾠusing	 ﾠan	 ﾠAg/AgCl	 ﾠreference	 ﾠelectrode	 ﾠand	 ﾠa	 ﾠPt	 ﾠ
auxiliary	 ﾠelectrode.	 ﾠ	 ﾠ
O2	 ﾠQuantification.	 ﾠAn	 ﾠOcean	 ﾠOptics	 ﾠoxygen	 ﾠsensor	 ﾠsystem	 ﾠ(NeoFox®	 ﾠPhase	 ﾠ
Measurement	 ﾠSystem)	 ﾠwas	 ﾠused	 ﾠfor	 ﾠthe	 ﾠquantitative	 ﾠdetection	 ﾠof	 ﾠO2.	 ﾠThe	 ﾠexperiment	 ﾠ
was	 ﾠperformed	 ﾠin	 ﾠa	 ﾠcustom	 ﾠbuilt	 ﾠtwo–compartment	 ﾠgas–tight	 ﾠelectrochemical	 ﾠcell.	 ﾠ
The	 ﾠelectrolyte	 ﾠwas	 ﾠa	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠand	 ﾠ1.5	 ﾠM	 ﾠKNO3	 ﾠsolution	 ﾠat	 ﾠpH	 ﾠ9.2;	 ﾠthe	 ﾠsolution	 ﾠwas	 ﾠ
purged	 ﾠby	 ﾠbubbling	 ﾠwith	 ﾠhigh	 ﾠpurity	 ﾠAr	 ﾠfor	 ﾠ2	 ﾠh	 ﾠwith	 ﾠvigorous	 ﾠstirring	 ﾠand	 ﾠit	 ﾠwas	 ﾠ
then	 ﾠtransferred	 ﾠto	 ﾠthe	 ﾠelectrochemical	 ﾠcell	 ﾠunder	 ﾠAr.	 ﾠThe	 ﾠtwo–compartment	 ﾠcell	 ﾠ
comprised	 ﾠa	 ﾠcatalyst–functionalized	 ﾠsilicon	 ﾠsolar	 ﾠcell	 ﾠworking	 ﾠelectrode,	 ﾠan	 ﾠAg/AgCl	 ﾠ
reference	 ﾠelectrode,	 ﾠand	 ﾠa	 ﾠPt	 ﾠmesh	 ﾠcounter–electrode.	 ﾠMeasurements	 ﾠof	 ﾠthe	 ﾠFOXY	 ﾠ
probe	 ﾠwere	 ﾠrecorded	 ﾠat	 ﾠ10	 ﾠs	 ﾠintervals,	 ﾠand	 ﾠthe	 ﾠdata	 ﾠwas	 ﾠconverted	 ﾠinto	 ﾠthe	 ﾠpartial	 ﾠ
pressure	 ﾠof	 ﾠO2	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠusing	 ﾠa	 ﾠcalibration	 ﾠcurve	 ﾠdefined	 ﾠby	 ﾠair,	 ﾠ20.9%	 ﾠO2	 ﾠ
and	 ﾠhigh	 ﾠpurity	 ﾠN2	 ﾠ(0%	 ﾠO2).	 ﾠAfter	 ﾠrecording	 ﾠthe	 ﾠpartial	 ﾠpressure	 ﾠof	 ﾠO2	 ﾠfor	 ﾠ2	 ﾠh	 ﾠin	 ﾠthe	 ﾠ
absence	 ﾠof	 ﾠan	 ﾠapplied	 ﾠpotential,	 ﾠthe	 ﾠsample	 ﾠwas	 ﾠilluminated	 ﾠwith	 ﾠ1	 ﾠsun	 ﾠAM	 ﾠ1.5	 ﾠlight	 ﾠ
and	 ﾠelectrolysis	 ﾠwas	 ﾠinitiated	 ﾠat	 ﾠ0.6	 ﾠV	 ﾠvs.	 ﾠNHE.	 ﾠDue	 ﾠto	 ﾠvariations	 ﾠin	 ﾠthe	 ﾠPV	 ﾠ
characteristics	 ﾠfor	 ﾠeach	 ﾠsamples,	 ﾠa	 ﾠpotential	 ﾠbias	 ﾠof	 ﾠ0.6	 ﾠV	 ﾠproduced	 ﾠoperating	 ﾠ
current	 ﾠdensities	 ﾠranging	 ﾠfrom	 ﾠ1.5–5	 ﾠmA	 ﾠcm–2.	 ﾠElectrolysis	 ﾠwith	 ﾠO2	 ﾠsensing	 ﾠwas	 ﾠ
continued	 ﾠfor	 ﾠ~12	 ﾠh.	 ﾠUpon	 ﾠterminating	 ﾠthe	 ﾠelectrolysis,	 ﾠthe	 ﾠO2	 ﾠsignal	 ﾠwas	 ﾠrecorded	 ﾠ
for	 ﾠan	 ﾠadditional	 ﾠ2	 ﾠh	 ﾠto	 ﾠensure	 ﾠthat	 ﾠthe	 ﾠO2	 ﾠyield	 ﾠreached	 ﾠa	 ﾠplateau.	 ﾠAt	 ﾠthe	 ﾠconclusion	 ﾠ
of	 ﾠthe	 ﾠexperiment,	 ﾠthe	 ﾠsolution	 ﾠand	 ﾠthe	 ﾠheadspace	 ﾠvolumes	 ﾠin	 ﾠthe	 ﾠworking	 ﾠ
compartment	 ﾠwere	 ﾠmeasured	 ﾠ(around	 ﾠ55	 ﾠmL	 ﾠand	 ﾠ62	 ﾠmL,	 ﾠrespectively).	 ﾠThe	 ﾠtotal	 ﾠ
charge	 ﾠpassed	 ﾠin	 ﾠthe	 ﾠelectrolysis	 ﾠwas	 ﾠdivided	 ﾠby	 ﾠ4F	 ﾠto	 ﾠget	 ﾠthe	 ﾠtheoretical	 ﾠO2	 ﾠyield.	 ﾠ
The	 ﾠpartial	 ﾠpressure	 ﾠof	 ﾠO2	 ﾠwas	 ﾠconverted	 ﾠinto	 ﾠµmols,	 ﾠand	 ﾠcorrected	 ﾠfor	 ﾠdissolved	 ﾠO2	 ﾠ	 ﾠ 45	 ﾠ
in	 ﾠsolution	 ﾠusing	 ﾠHenry’s	 ﾠLaw.	 ﾠThe	 ﾠtotal	 ﾠO2	 ﾠyields	 ﾠfrom	 ﾠboth	 ﾠthe	 ﾠtheoretical	 ﾠand	 ﾠthe	 ﾠ
experimental	 ﾠresults	 ﾠwere	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠFaradaic	 ﾠefficiency.	 ﾠ	 ﾠ 46	 ﾠ
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3.1	 ﾠIntroduction	 ﾠ	 ﾠ
Direct	 ﾠsolar–to–fuels	 ﾠconversion	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠintegrating	 ﾠa	 ﾠ
photovoltaic	 ﾠdevice	 ﾠwith	 ﾠwater–splitting	 ﾠcatalysts.	 ﾠIn	 ﾠChapter	 ﾠ2,	 ﾠsingle–junction	 ﾠ
crystalline	 ﾠsilicon	 ﾠ(c–Si)	 ﾠsolar	 ﾠcells	 ﾠwere	 ﾠfunctionalized	 ﾠwith	 ﾠoxygen	 ﾠevolving	 ﾠ
catalysts	 ﾠ(OECs)	 ﾠto	 ﾠconstruct	 ﾠa	 ﾠphoto–assisted	 ﾠdevice	 ﾠfor	 ﾠpromoting	 ﾠthe	 ﾠwater–
oxidation	 ﾠreaction.	 ﾠHowever,	 ﾠsingle–junction	 ﾠc–Si	 ﾠ(VOC	 ﾠ	 ﾠ=	 ﾠ0.5–0.7	 ﾠV)	 ﾠdoes	 ﾠnot	 ﾠsupply	 ﾠ
enough	 ﾠvoltage	 ﾠfor	 ﾠwater–splitting	 ﾠ(Vth	 ﾠ=	 ﾠ1.23	 ﾠV)	 ﾠwithout	 ﾠthe	 ﾠuse	 ﾠof	 ﾠan	 ﾠexternal	 ﾠ
potential	 ﾠbias.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠsupply	 ﾠthe	 ﾠfull	 ﾠpotential	 ﾠneeded	 ﾠfor	 ﾠwater–splitting	 ﾠbased	 ﾠ
on	 ﾠc–Si	 ﾠsolar	 ﾠcells,	 ﾠmultiple	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠneed	 ﾠto	 ﾠbe	 ﾠconnected	 ﾠin	 ﾠ
series.	 ﾠSteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠof	 ﾠanalysis	 ﾠof	 ﾠa	 ﾠseries	 ﾠconnected	 ﾠstring	 ﾠof	 ﾠ
single–junction	 ﾠc–Si	 ﾠsolar	 ﾠcells,	 ﾠcoupled	 ﾠto	 ﾠthe	 ﾠelectrochemical	 ﾠprocess	 ﾠof	 ﾠwater–
splitting	 ﾠallows	 ﾠus	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠcoupled	 ﾠbehavior	 ﾠof	 ﾠa	 ﾠPV–EC	 ﾠdevice.	 ﾠSpecifically,	 ﾠ
for	 ﾠa	 ﾠPV	 ﾠcomponent	 ﾠconsisting	 ﾠof	 ﾠa	 ﾠstring	 ﾠof	 ﾠseries–connected	 ﾠc–Si	 ﾠsolar	 ﾠcells,	 ﾠwe	 ﾠcan	 ﾠ
predict	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠneeded	 ﾠto	 ﾠproduce	 ﾠa	 ﾠ10%	 ﾠor	 ﾠhigher	 ﾠsteady–state	 ﾠ
solar–to–fuels	 ﾠefficiency	 ﾠ(SFE)	 ﾠbased	 ﾠon	 ﾠthe	 ﾠchoice	 ﾠof	 ﾠwater–splitting	 ﾠcatalysts	 ﾠas	 ﾠ
well	 ﾠas	 ﾠassess	 ﾠresistive	 ﾠlosses.	 ﾠThis	 ﾠis	 ﾠhighly	 ﾠbeneficial	 ﾠsince	 ﾠone	 ﾠof	 ﾠthe	 ﾠprimary	 ﾠ
challenges	 ﾠin	 ﾠcreating	 ﾠa	 ﾠstand–alone	 ﾠphotovoltaic–electrochemical	 ﾠ(PV–EC)	 ﾠdevice	 ﾠis	 ﾠ
design	 ﾠintegration.	 ﾠThe	 ﾠability	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠbehavior	 ﾠbefore	 ﾠ
undertaking	 ﾠthe	 ﾠcomplicated	 ﾠmaterials–related	 ﾠintegration	 ﾠaspects	 ﾠallows	 ﾠ
considerable	 ﾠresearch	 ﾠstruggles	 ﾠto	 ﾠbe	 ﾠcircumvented.	 ﾠ	 ﾠ
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3.2	 ﾠEfficiency	 ﾠconsiderations	 ﾠ
The	 ﾠsteady–state	 ﾠsolar–to–fuels	 ﾠefficiency	 ﾠ(SFE)	 ﾠof	 ﾠa	 ﾠphotovoltaic	 ﾠused	 ﾠto	 ﾠ
drive	 ﾠand	 ﾠelectrochemical	 ﾠload	 ﾠhas	 ﾠbeen	 ﾠdescribed	 ﾠpreviously1–7	 ﾠand	 ﾠis	 ﾠgiven	 ﾠby:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝜂    = ﾠ𝜂   ﾠ× ﾠ𝜂   ﾠ× ﾠ𝜂 	 ﾠ (3.1)	 ﾠ
	 ﾠ
where,	 ﾠηPV,	 ﾠηEC,	 ﾠηC	 ﾠare	 ﾠthe	 ﾠefficiencies	 ﾠof	 ﾠthe	 ﾠPV	 ﾠdevice,	 ﾠthe	 ﾠEC	 ﾠcomponents	 ﾠ(including	 ﾠ
electrodes	 ﾠand	 ﾠwires),	 ﾠand	 ﾠthe	 ﾠefficiency	 ﾠof	 ﾠthe	 ﾠcoupling	 ﾠbetween	 ﾠthe	 ﾠtwo.3,8	 ﾠ	 ﾠ
The	 ﾠmaximum	 ﾠefficiency	 ﾠof	 ﾠa	 ﾠsingle–absorber	 ﾠsolar	 ﾠcell	 ﾠis	 ﾠlimited	 ﾠby	 ﾠthe	 ﾠsolar	 ﾠ
spectrum.	 ﾠFor	 ﾠmaximum	 ﾠconversion	 ﾠefficiency	 ﾠto	 ﾠbe	 ﾠachieved,	 ﾠa	 ﾠsingle–absorber	 ﾠ
solar	 ﾠcell	 ﾠmust	 ﾠabsorb	 ﾠa	 ﾠlarge	 ﾠportion	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠspectrum	 ﾠto	 ﾠgenerate	 ﾠa	 ﾠlarge	 ﾠ
photocurrent	 ﾠwith	 ﾠa	 ﾠconcomitant	 ﾠlarge	 ﾠphototvoltage.	 ﾠThe	 ﾠlatter	 ﾠcontradicts	 ﾠthe	 ﾠ
former	 ﾠsince	 ﾠin	 ﾠorder	 ﾠto	 ﾠgenerate	 ﾠa	 ﾠlarge	 ﾠphotovoltage	 ﾠa	 ﾠlarge	 ﾠband–gap	 ﾠis	 ﾠrequired,	 ﾠ
which	 ﾠin	 ﾠturn	 ﾠresults	 ﾠin	 ﾠthe	 ﾠabsorption	 ﾠof	 ﾠonly	 ﾠa	 ﾠsmall	 ﾠfraction	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠspectrum,	 ﾠ
thus	 ﾠleading	 ﾠto	 ﾠa	 ﾠsmall	 ﾠphotocurrent.	 ﾠAdditionally,	 ﾠdue	 ﾠto	 ﾠvarious	 ﾠtypes	 ﾠof	 ﾠcharge	 ﾠ
recombination	 ﾠmechanisms,	 ﾠtypical	 ﾠsolar	 ﾠcell	 ﾠperformance	 ﾠis	 ﾠusually	 ﾠ300–400	 ﾠmV	 ﾠ
lower	 ﾠthan	 ﾠthe	 ﾠband–gap	 ﾠat	 ﾠroom	 ﾠtemperature.4,9	 ﾠ	 ﾠ
The	 ﾠactual	 ﾠefficiency	 ﾠof	 ﾠa	 ﾠgiven	 ﾠsolar	 ﾠcell	 ﾠcan	 ﾠbe	 ﾠdetermined	 ﾠby	 ﾠexamining	 ﾠthe	 ﾠ
current–voltage	 ﾠcharacteristics	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell	 ﾠunder	 ﾠillumination	 ﾠ(Fig.	 ﾠ3.1).	 ﾠThe	 ﾠ
open–circuit	 ﾠvoltage	 ﾠ(VOC)	 ﾠand	 ﾠshort–circuit	 ﾠcurrent	 ﾠ(JSC)	 ﾠare	 ﾠthe	 ﾠmaximum	 ﾠvoltage	 ﾠ
and	 ﾠcurrent	 ﾠof	 ﾠthe	 ﾠcell,	 ﾠrespectively.	 ﾠHowever,	 ﾠsince	 ﾠthe	 ﾠVOC	 ﾠoccurs	 ﾠwhen	 ﾠno	 ﾠcurrent	 ﾠ
is	 ﾠflowing	 ﾠand	 ﾠthe	 ﾠJSC	 ﾠoccurs	 ﾠwhere	 ﾠthe	 ﾠvoltage	 ﾠis	 ﾠzero,	 ﾠthe	 ﾠactual	 ﾠmaximum	 ﾠpower	 ﾠ
(PMAX)	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell	 ﾠoccurs	 ﾠwhere	 ﾠthe	 ﾠproduct	 ﾠof	 ﾠvoltage	 ﾠand	 ﾠcurrent	 ﾠis	 ﾠthe	 ﾠ	 ﾠ 53	 ﾠ
greatest	 ﾠ(PMAX	 ﾠ=	 ﾠVMP	 ﾠ×	 ﾠJMP)	 ﾠand	 ﾠis	 ﾠreferred	 ﾠto	 ﾠas	 ﾠthe	 ﾠmaximum	 ﾠpower–point	 ﾠ(MPP).	 ﾠ
The	 ﾠfill–factor	 ﾠ(FF)	 ﾠdescribes	 ﾠthe	 ﾠratio	 ﾠof	 ﾠthe	 ﾠmaximum	 ﾠpower	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell	 ﾠto	 ﾠthe	 ﾠ
product	 ﾠof	 ﾠVOC	 ﾠand	 ﾠJSC.	 ﾠ	 ﾠTherefore,	 ﾠthe	 ﾠPV	 ﾠefficiency	 ﾠgiven	 ﾠat	 ﾠAir	 ﾠMass	 ﾠ(AM)	 ﾠ1.5	 ﾠ
spectrum	 ﾠwith	 ﾠan	 ﾠincident	 ﾠpower	 ﾠdensity	 ﾠof	 ﾠ100mA	 ﾠcm–2,	 ﾠis	 ﾠthen	 ﾠdefined	 ﾠby:	 ﾠ
	 ﾠ
	 ﾠ 𝜂   = ﾠ ﾠ
𝐹𝐹 ﾠ× ﾠ𝑉   ﾠ× ﾠ𝐽  
𝑃   
	 ﾠ (3.2)	 ﾠ
	 ﾠ
For	 ﾠsilicon	 ﾠwith	 ﾠa	 ﾠband–gap	 ﾠof	 ﾠ1.1	 ﾠeV,	 ﾠthe	 ﾠupper–bound	 ﾠsolar	 ﾠpower	 ﾠto	 ﾠ
electrical	 ﾠpower	 ﾠefficiency	 ﾠof	 ﾠ29%.10,11	 ﾠAt	 ﾠpresent	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠhave	 ﾠreached	 ﾠa	 ﾠ
fabrication	 ﾠmaturity	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠa	 ﾠrecord	 ﾠefficiency	 ﾠof	 ﾠ25%	 ﾠhas	 ﾠbeen	 ﾠachieved12	 ﾠ
technology	 ﾠready	 ﾠavailable	 ﾠPV	 ﾠefficiencies	 ﾠare	 ﾠin	 ﾠthe	 ﾠ18–20%	 ﾠrange	 ﾠwith	 ﾠmodule	 ﾠ
efficiencies	 ﾠof	 ﾠ14–20%.13,14	 ﾠ	 ﾠ
The	 ﾠadditional	 ﾠvoltage	 ﾠrequired	 ﾠto	 ﾠcompensate	 ﾠfor	 ﾠreaction	 ﾠkinetics,	 ﾠfor	 ﾠa	 ﾠ
given	 ﾠoperational	 ﾠcurrent–density,	 ﾠdominates	 ﾠthe	 ﾠefficiency	 ﾠof	 ﾠan	 ﾠelectrochemical	 ﾠ
process	 ﾠsuch	 ﾠas	 ﾠwater–splitting.	 ﾠThe	 ﾠefficiency	 ﾠfor	 ﾠwater–splitting	 ﾠis	 ﾠdetermined	 ﾠby	 ﾠ
how	 ﾠmuch	 ﾠvoltage	 ﾠis	 ﾠneeded	 ﾠto	 ﾠdrive	 ﾠthe	 ﾠreaction	 ﾠ(VOP)	 ﾠas	 ﾠcompared	 ﾠto	 ﾠthe	 ﾠ
thermodynamic	 ﾠpotential	 ﾠ(Vth)	 ﾠand	 ﾠis	 ﾠgiven	 ﾠby:	 ﾠ
	 ﾠ
	 ﾠ 𝜂   = ﾠ
𝑉  
𝑉  
	 ﾠ (3.3)	 ﾠ
	 ﾠ
For	 ﾠwater–splitting	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠoxygen–evolution	 ﾠreaction	 ﾠoccurs	 ﾠat	 ﾠthe	 ﾠ
anode	 ﾠand	 ﾠthe	 ﾠhydrogen	 ﾠevolution	 ﾠreaction	 ﾠoccurs	 ﾠat	 ﾠthe	 ﾠcathode,	 ﾠVEC	 ﾠaccounts	 ﾠfor	 ﾠ	 ﾠ 54	 ﾠ
the	 ﾠthermodynamic	 ﾠpotential	 ﾠand	 ﾠthe	 ﾠoverpotential	 ﾠfor	 ﾠeach	 ﾠhalf–reaction,	 ﾠas	 ﾠwell	 ﾠas	 ﾠ
cell	 ﾠresistances	 ﾠ(ηR)	 ﾠ(i.e.	 ﾠresistance	 ﾠthrough	 ﾠelectrodes,	 ﾠcontacts,	 ﾠand	 ﾠsolution	 ﾠ
resistance).	 ﾠThe	 ﾠtotal	 ﾠvoltage	 ﾠrequired	 ﾠis:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝑉   𝐽   = ﾠ𝑉   + ﾠ𝜂    𝐽   + ﾠ𝜂    𝐽   + ﾠ𝜂 (𝐽  )	 ﾠ (3.4)	 ﾠ
	 ﾠ
where	 ﾠthe	 ﾠηOER	 ﾠand	 ﾠηHER	 ﾠ	 ﾠare	 ﾠthe	 ﾠoverpotentials	 ﾠfor	 ﾠthe	 ﾠoxygen–evolution	 ﾠand	 ﾠ
hydrogen–evolution	 ﾠreactions	 ﾠ(OER	 ﾠand	 ﾠHER)	 ﾠand	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠcurrent–density	 ﾠJOP	 ﾠ
are	 ﾠgiven	 ﾠby	 ﾠthe	 ﾠTafel	 ﾠlaw:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝑉   ,    = 𝑏log
𝐽  
𝐽 
   ,   	 ﾠ (3.5)	 ﾠ
	 ﾠ
where	 ﾠb	 ﾠis	 ﾠthe	 ﾠTafel	 ﾠslope	 ﾠand	 ﾠJo	 ﾠis	 ﾠthe	 ﾠexchange	 ﾠcurrent	 ﾠdensity.	 ﾠThe	 ﾠoverall	 ﾠ
efficiency	 ﾠfor	 ﾠwater–splitting	 ﾠis	 ﾠtypically	 ﾠlimited	 ﾠby	 ﾠcomplex	 ﾠnature	 ﾠof	 ﾠthe	 ﾠproton–
coupled	 ﾠelectron–transfer	 ﾠ(PCET)	 ﾠchemistry	 ﾠof	 ﾠthe	 ﾠwater–oxidation	 ﾠreaction15–20	 ﾠIn	 ﾠ
order	 ﾠto	 ﾠminimize	 ﾠthe	 ﾠoverpotential	 ﾠcatalysts	 ﾠare	 ﾠused	 ﾠto	 ﾠeffect	 ﾠthe	 ﾠhalf	 ﾠreactions	 ﾠ
and	 ﾠdifferent	 ﾠcatalysts	 ﾠoperate	 ﾠunder	 ﾠdifferent	 ﾠmechanisms,	 ﾠwhich	 ﾠdetermines	 ﾠthe	 ﾠ
rate	 ﾠfor	 ﾠthe	 ﾠreaction.	 ﾠFor	 ﾠexample,	 ﾠmechanistic	 ﾠstudies	 ﾠfor	 ﾠthe	 ﾠCo–OEC’s	 ﾠand	 ﾠNi–
OEC’s	 ﾠdeveloped	 ﾠin	 ﾠout	 ﾠlab	 ﾠexhibit	 ﾠdifferent	 ﾠTafel	 ﾠslopes	 ﾠof	 ﾠ30	 ﾠand	 ﾠ60	 ﾠmV	 ﾠdecade–1,	 ﾠ
respectively,	 ﾠwhich	 ﾠare	 ﾠindicative	 ﾠof	 ﾠa	 ﾠmechanism	 ﾠinvolving	 ﾠa	 ﾠone	 ﾠversus	 ﾠtwo–
electron	 ﾠreaction	 ﾠthat	 ﾠis	 ﾠproceeded	 ﾠby	 ﾠa	 ﾠrate–limiting	 ﾠchemical	 ﾠstep	 ﾠfor	 ﾠoxygen	 ﾠ
evolution.21,22,23	 ﾠTypically,	 ﾠthe	 ﾠrelevant	 ﾠfigure	 ﾠof	 ﾠmerit	 ﾠis	 ﾠthe	 ﾠoverpotential	 ﾠrequired	 ﾠ	 ﾠ 55	 ﾠ
to	 ﾠoperate	 ﾠat	 ﾠa	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠ10mA	 ﾠcm–2,	 ﾠwhich	 ﾠfor	 ﾠmost	 ﾠOER	 ﾠcatalysts	 ﾠrequires	 ﾠ
an	 ﾠoverpotential	 ﾠof	 ﾠ250–400mV.24,25	 ﾠCommercial	 ﾠalkane	 ﾠelectrolyzes	 ﾠexhibit	 ﾠ
efficiencies	 ﾠaround	 ﾠ60–75%,26,27	 ﾠand	 ﾠgiven	 ﾠthe	 ﾠbest	 ﾠwater–splitting	 ﾠcatalysts	 ﾠ
developed	 ﾠin	 ﾠour	 ﾠgroup	 ﾠa	 ﾠcomparable	 ﾠefficiency	 ﾠmay	 ﾠbe	 ﾠachieved.28	 ﾠ 	 ﾠ
The	 ﾠefficiency	 ﾠof	 ﾠcoupling	 ﾠbetween	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠis	 ﾠnot	 ﾠ
fundamentally	 ﾠlimited	 ﾠby	 ﾠany	 ﾠphysical	 ﾠconstraint,	 ﾠbut	 ﾠis	 ﾠentirely	 ﾠdependent	 ﾠon	 ﾠhow	 ﾠ
well	 ﾠmatched	 ﾠthe	 ﾠmaximum	 ﾠpower	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠPV	 ﾠis	 ﾠto	 ﾠthe	 ﾠelectrochemical	 ﾠload	 ﾠ
for	 ﾠwater–	 ﾠsplitting.	 ﾠThe	 ﾠsimplest	 ﾠmode	 ﾠof	 ﾠcoupling	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠis	 ﾠto	 ﾠ
perform	 ﾠthe	 ﾠanodic	 ﾠhalf–reaction	 ﾠ(OER)	 ﾠon	 ﾠthe	 ﾠpositive	 ﾠterminal	 ﾠand	 ﾠthe	 ﾠcathodic	 ﾠ
half	 ﾠreaction	 ﾠ(HER)	 ﾠon	 ﾠthe	 ﾠnegative	 ﾠterminal	 ﾠof	 ﾠthe	 ﾠPV–device.	 ﾠThis	 ﾠtype	 ﾠof	 ﾠcoupling
	 ﾠ
enforces	 ﾠthe	 ﾠtwo–half	 ﾠreactions	 ﾠto	 ﾠbe	 ﾠequipotential	 ﾠwith	 ﾠthe	 ﾠtwo	 ﾠterminals	 ﾠof	 ﾠthe	 ﾠ
PV–device,	 ﾠwhich	 ﾠis	 ﾠtrue	 ﾠregardless	 ﾠif	 ﾠthe	 ﾠPV	 ﾠis	 ﾠa	 ﾠburied–junction	 ﾠstack	 ﾠor	 ﾠseries–
connected	 ﾠsingle–junction	 ﾠsolar	 ﾠcells	 ﾠwired	 ﾠto	 ﾠan	 ﾠanode	 ﾠand	 ﾠcathode	 ﾠ(i.e.	 ﾠa	 ﾠwired	 ﾠ
and	 ﾠwireless	 ﾠconfiguration,	 ﾠFig.	 ﾠ3.1).9,29	 ﾠFig.	 ﾠ3.2	 ﾠillustrates	 ﾠthat	 ﾠthis	 ﾠdirect	 ﾠelectrical	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ3.1	 ﾠSchematic	 ﾠof	 ﾠa	 ﾠwired	 ﾠand	 ﾠwireless	 ﾠPV–EC	 ﾠbased	 ﾠon	 ﾠsilicon	 ﾠsolar	 ﾠcells.	 ﾠ
Regardless	 ﾠ of	 ﾠ the	 ﾠ mode	 ﾠ of	 ﾠ coupling	 ﾠ between	 ﾠ the	 ﾠ two,	 ﾠ the	 ﾠ equivalent	 ﾠ circuit	 ﾠ is	 ﾠ
identical.	 ﾠ	 ﾠ	 ﾠ 56	 ﾠ
connection	 ﾠis	 ﾠequivalent	 ﾠto	 ﾠconstraining	 ﾠthe	 ﾠcurrents	 ﾠand	 ﾠvoltages	 ﾠof	 ﾠthe	 ﾠPV–EC	 ﾠ
system	 ﾠto	 ﾠbe	 ﾠidentical:	 ﾠJPV	 ﾠ=	 ﾠJEC	 ﾠand	 ﾠVPV	 ﾠ=	 ﾠVEC.	 ﾠThe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠ(as	 ﾠshown	 ﾠin	 ﾠ
Fig.	 ﾠ3.3)	 ﾠbetween	 ﾠthe	 ﾠPV–curve	 ﾠand	 ﾠEC–curve	 ﾠalso	 ﾠdefines	 ﾠthe	 ﾠoperational	 ﾠpoint	 ﾠfor	 ﾠa
	 ﾠ
coupled	 ﾠPV–EC	 ﾠdevice.6,7,30	 ﾠPerfect	 ﾠcoupling	 ﾠoccurs	 ﾠwhen	 ﾠthe	 ﾠintersection	 ﾠof	 ﾠthe	 ﾠPV	 ﾠ
and	 ﾠEC	 ﾠcurves	 ﾠoccurs	 ﾠat	 ﾠthe	 ﾠPMAX	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell	 ﾠmeaning	 ﾠthat	 ﾠthe	 ﾠmaximum	 ﾠpower	 ﾠ
output	 ﾠof	 ﾠthe	 ﾠPV–component	 ﾠis	 ﾠutilized	 ﾠby	 ﾠthe	 ﾠEC–component	 ﾠand	 ﾠis	 ﾠdefined	 ﾠby:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝜂  = ﾠ
𝑉   ﾠ×𝐽  
𝐹𝐹 ﾠ× ﾠ𝑉   ﾠ× ﾠ𝐽  
	 ﾠ (3.6)	 ﾠ
	 ﾠ
Using	 ﾠthe	 ﾠabove	 ﾠdefinitions	 ﾠfor	 ﾠηPV,	 ﾠηEC,	 ﾠand	 ﾠηC	 ﾠ	 ﾠof	 ﾠthe,	 ﾠequation	 ﾠ3.1	 ﾠcan	 ﾠbe	 ﾠre–written	 ﾠ
as:	 ﾠ
	 ﾠ
	 ﾠ 𝜂    = ﾠ ﾠ
𝐹𝐹 ﾠ× ﾠ𝑉   ﾠ× ﾠ𝐽  
𝑃   
 ﾠ× ﾠ
𝑉  
𝑉  
 ﾠ× ﾠ
𝑉   ﾠ×𝐽  
𝐹𝐹 ﾠ× ﾠ𝑉   ﾠ× ﾠ𝐽  
= ﾠ
𝑉   ﾠ× ﾠ𝐽  
𝑃   
 ﾠ ﾠ ﾠ	 ﾠ (3.7)	 ﾠ
	 ﾠ
Figure	 ﾠ3.2	 ﾠBlock	 ﾠdiagram	 ﾠfor	 ﾠa	 ﾠphotovoltaic	 ﾠ(PV)	 ﾠpowered	 ﾠelectrochemical	 ﾠcell	 ﾠ(EC),	 ﾠ
where	 ﾠdirect	 ﾠelectrical	 ﾠconnection	 ﾠconstrains	 ﾠJPV	 ﾠ=	 ﾠJEC	 ﾠand	 ﾠVPV	 ﾠ=	 ﾠVEC	 ﾠ	 ﾠ	 ﾠ 57	 ﾠ
	 ﾠ
However,	 ﾠat	 ﾠAM	 ﾠ1.5,	 ﾠ100mW	 ﾠcm–2	 ﾠof	 ﾠsolar	 ﾠirradiance	 ﾠreduces	 ﾠthe	 ﾠexpression	 ﾠto	 ﾠ
1.23V	 ﾠ×	 ﾠJOP.	 ﾠ
	 ﾠ
	 ﾠ
3.3	 ﾠSteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠanalysis	 ﾠ	 ﾠ
Solar	 ﾠcells	 ﾠand	 ﾠelectrochemical	 ﾠreactions	 ﾠdo	 ﾠnot	 ﾠoperate	 ﾠat	 ﾠthermodynamic	 ﾠ
limits.	 ﾠThe	 ﾠsteady–state	 ﾠelectrical	 ﾠbehavior	 ﾠof	 ﾠpractical	 ﾠPV	 ﾠand	 ﾠEC	 ﾠsystems	 ﾠcan	 ﾠbe	 ﾠ
described	 ﾠusing	 ﾠequivalent	 ﾠcircuits.	 ﾠCircuit	 ﾠanalysis	 ﾠenables	 ﾠaccurate	 ﾠmodeling	 ﾠof	 ﾠ
	 ﾠ
Figure	 ﾠ3.3	 ﾠThe	 ﾠgeneralized	 ﾠcurrent	 ﾠdensity–voltage	 ﾠ(J–V)	 ﾠdiagram	 ﾠof	 ﾠa	 ﾠcoupled	 ﾠPV–
EC	 ﾠsystem	 ﾠwhere	 ﾠthe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠof	 ﾠthe	 ﾠPV–curve	 ﾠ(▬▬,	 ﾠblue)	 ﾠand	 ﾠEC–
curve	 ﾠ(▬▬,	 ﾠred)	 ﾠrepresents	 ﾠthe	 ﾠoperational	 ﾠpoint	 ﾠand	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠ
device.	 ﾠThe	 ﾠSFE	 ﾠis	 ﾠmaximized	 ﾠwhen	 ﾠthe	 ﾠoperating	 ﾠpoint	 ﾠis	 ﾠequal	 ﾠto	 ﾠPMAX.	 ﾠ	 ﾠ	 ﾠ 58	 ﾠ
PV–EC	 ﾠdevices	 ﾠand	 ﾠprovides	 ﾠinsight	 ﾠinto	 ﾠtheir	 ﾠrealistic	 ﾠperformance	 ﾠand	 ﾠefficiency	 ﾠ
limitations.	 ﾠThe	 ﾠequivalent	 ﾠcircuit	 ﾠof	 ﾠa	 ﾠPV	 ﾠdevice	 ﾠis	 ﾠwell	 ﾠknown	 ﾠand	 ﾠhas	 ﾠbeen	 ﾠ
described	 ﾠextensively	 ﾠin	 ﾠthe	 ﾠliterature	 ﾠand	 ﾠtextbooks.31	 ﾠFor	 ﾠthe	 ﾠpurposes	 ﾠof	 ﾠ
equivalent	 ﾠcircuit	 ﾠanalysis	 ﾠof	 ﾠthe	 ﾠPV	 ﾠcomponent,	 ﾠthe	 ﾠrelevant	 ﾠcircuit	 ﾠelements	 ﾠare	 ﾠ
discussed.	 ﾠBriefly,	 ﾠin	 ﾠa	 ﾠPV	 ﾠdevice	 ﾠlight	 ﾠabsorption	 ﾠgenerates	 ﾠa	 ﾠcurrent	 ﾠof	 ﾠexcited	 ﾠ
electrons	 ﾠand	 ﾠholes.	 ﾠSome	 ﾠare	 ﾠseparated	 ﾠby	 ﾠthe	 ﾠinternal	 ﾠjunction	 ﾠand	 ﾠflow	 ﾠthrough	 ﾠ
an	 ﾠexternal	 ﾠcircuit	 ﾠwith	 ﾠcurrent	 ﾠdensity	 ﾠJPV	 ﾠand	 ﾠsome	 ﾠare	 ﾠlost	 ﾠto	 ﾠrecombination	 ﾠ
processes	 ﾠand	 ﾠcontribute	 ﾠto	 ﾠthe	 ﾠdark	 ﾠcurrent	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell	 ﾠJ0.	 ﾠTypically,	 ﾠonly	 ﾠtwo	 ﾠ
recombination	 ﾠmechanisms	 ﾠare	 ﾠconsidered	 ﾠto	 ﾠbe	 ﾠrelevant.	 ﾠThe	 ﾠfirst	 ﾠrecombination	 ﾠ
mechanism	 ﾠis	 ﾠdominant	 ﾠat	 ﾠhigh	 ﾠvoltages	 ﾠwhen	 ﾠbulk	 ﾠand	 ﾠsurface	 ﾠrecombination	 ﾠare	 ﾠ
more	 ﾠprevalent.	 ﾠIn	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠideality	 ﾠfactor	 ﾠn,	 ﾠwhich	 ﾠis	 ﾠa	 ﾠmeasure	 ﾠof	 ﾠhow	 ﾠclosely	 ﾠ
	 ﾠ
Figure	 ﾠ3.4	 ﾠImpact	 ﾠon	 ﾠthe	 ﾠJ–V	 ﾠcurve	 ﾠfor	 ﾠa	 ﾠPV	 ﾠdue	 ﾠto	 ﾠshunt	 ﾠ(▬▬, dark	 ﾠred)	 ﾠor	 ﾠseries	 ﾠ
(▬▬, dark	 ﾠgreen)	 ﾠresistance	 ﾠcompared	 ﾠto	 ﾠan	 ﾠideal	 ﾠJ–V	 ﾠcurve	 ﾠ(▬▬, dark	 ﾠblue).	 ﾠ	 ﾠ 59	 ﾠ
the	 ﾠsolar	 ﾠcell	 ﾠfollows	 ﾠthe	 ﾠideal	 ﾠdiode	 ﾠequation,	 ﾠis	 ﾠclose	 ﾠto	 ﾠ1.	 ﾠAt	 ﾠlower	 ﾠvoltages,	 ﾠ
recombination	 ﾠwithin	 ﾠthe	 ﾠjunction	 ﾠitself	 ﾠis	 ﾠthe	 ﾠdominant	 ﾠrecombination	 ﾠmechanism	 ﾠ
and	 ﾠmakes	 ﾠthe	 ﾠideality	 ﾠfactor	 ﾠn=2.	 ﾠBoth	 ﾠof	 ﾠthese	 ﾠrecombination	 ﾠmechanisms	 ﾠare	 ﾠ
modeled	 ﾠby	 ﾠadding	 ﾠtwo	 ﾠdiodes	 ﾠin	 ﾠparallel	 ﾠto	 ﾠthe	 ﾠlight	 ﾠgenerated	 ﾠcurrent	 ﾠJL.	 ﾠOhmic	 ﾠ
losses	 ﾠcan	 ﾠbe	 ﾠmodeled	 ﾠby	 ﾠintroducing	 ﾠshunt	 ﾠ(Rsh)	 ﾠand	 ﾠseries	 ﾠresistances	 ﾠ(Rs).	 ﾠShunt	 ﾠ
resistance	 ﾠis	 ﾠcaused	 ﾠby	 ﾠmanufacturing	 ﾠdefects	 ﾠand	 ﾠprovides	 ﾠan	 ﾠalternate	 ﾠpathway	 ﾠ
for	 ﾠlight	 ﾠgenerated	 ﾠcharge–carriers	 ﾠto	 ﾠflow	 ﾠultimately	 ﾠdecreasing	 ﾠthe	 ﾠoutput	 ﾠ
current–density	 ﾠ(Fig	 ﾠ3.4).	 ﾠSeries	 ﾠresistance	 ﾠis	 ﾠdue	 ﾠto	 ﾠeither	 ﾠresistance	 ﾠthrough	 ﾠ
contact	 ﾠresistance	 ﾠor	 ﾠfront	 ﾠmetal	 ﾠcontacts	 ﾠto	 ﾠsilicon	 ﾠand	 ﾠdecreases	 ﾠthe	 ﾠoutput	 ﾠ
voltage	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell.	 ﾠThe	 ﾠoutput	 ﾠcurrent–density	 ﾠJPV	 ﾠis	 ﾠthe	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠ
light	 ﾠgenerated	 ﾠphotocurrent	 ﾠJL	 ﾠand	 ﾠthe	 ﾠrecombination	 ﾠcurrents:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝐽   𝑉 = ﾠ𝐽  − ﾠ𝐽 ,   𝑒
     ﾠ     
      − ﾠ𝐽 ,   𝑒
     ﾠ     
      −
𝑉 + ﾠ𝐽  𝑅 
𝑅  
	 ﾠ (3.8)	 ﾠ
	 ﾠ
where	 ﾠq	 ﾠis	 ﾠthe	 ﾠelectron	 ﾠcharge,	 ﾠT	 ﾠis	 ﾠtemperature,	 ﾠand	 ﾠkB	 ﾠis	 ﾠBoltzmann’s	 ﾠconstant.	 ﾠIf	 ﾠ
multiple	 ﾠsolar	 ﾠcells	 ﾠare	 ﾠconnected	 ﾠin	 ﾠseries	 ﾠthen	 ﾠthe	 ﾠoutput	 ﾠvoltages	 ﾠare	 ﾠadditive	 ﾠand	 ﾠ
the	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠthe	 ﾠsystem	 ﾠwill	 ﾠdecrease	 ﾠby	 ﾠdividing	 ﾠthe	 ﾠcurrent	 ﾠby	 ﾠthe	 ﾠactive	 ﾠ
area	 ﾠunder	 ﾠillumination.	 ﾠ	 ﾠ
Since	 ﾠthe	 ﾠTafel	 ﾠlaw	 ﾠcan	 ﾠbe	 ﾠrearranged	 ﾠto	 ﾠappear	 ﾠidentical	 ﾠto	 ﾠthe	 ﾠdiode	 ﾠ
equation,	 ﾠeach	 ﾠelectrochemical	 ﾠhalf–reaction	 ﾠcan	 ﾠbe	 ﾠrepresented	 ﾠas	 ﾠa	 ﾠdiode	 ﾠunder	 ﾠ
reverse	 ﾠbias	 ﾠequal	 ﾠto	 ﾠthe	 ﾠthermodynamic	 ﾠpotential	 ﾠfor	 ﾠwater–splitting.	 ﾠGiven	 ﾠthe	 ﾠ
constraints	 ﾠimposed	 ﾠby	 ﾠcoupling	 ﾠthe	 ﾠtwo	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents,	 ﾠthe	 ﾠequivalent	 ﾠ	 ﾠ 60	 ﾠ
circuit	 ﾠin	 ﾠFig.	 ﾠ3.5	 ﾠcan	 ﾠbe	 ﾠsolved	 ﾠnumerically	 ﾠfor	 ﾠthe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠbetween	 ﾠthe	 ﾠ
two	 ﾠresulting	 ﾠin	 ﾠthe	 ﾠpredicted	 ﾠSFE	 ﾠ(recall	 ﾠ1.23	 ﾠV	 ﾠ×	 ﾠJOP)	 ﾠfor	 ﾠthe	 ﾠcoupled	 ﾠsystem.	 ﾠ
	 ﾠ
	 ﾠ
3.4	 ﾠResults	 ﾠand	 ﾠDiscussion	 ﾠ	 ﾠ
The	 ﾠPV	 ﾠparameters	 ﾠused	 ﾠherein	 ﾠassume	 ﾠthat	 ﾠthe	 ﾠsystem	 ﾠis	 ﾠpowered	 ﾠby	 ﾠ
multiple	 ﾠhigh–performance	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠwith	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠ(Table	 ﾠ3.1).	 ﾠSince	 ﾠthe	 ﾠOER	 ﾠ
reaction	 ﾠis	 ﾠtypically	 ﾠefficiency	 ﾠlimiting,	 ﾠtwo	 ﾠdifferent	 ﾠsets	 ﾠof	 ﾠOER–catalyst	 ﾠ
parameters	 ﾠbased	 ﾠon	 ﾠthe	 ﾠCo–OEC’s	 ﾠand	 ﾠNi–OEC’s	 ﾠdeveloped	 ﾠin	 ﾠour	 ﾠlab	 ﾠwere	 ﾠused	 ﾠfor	 ﾠ
comparision	 ﾠ(Table	 ﾠ2).7,	 ﾠ22,23,28,	 ﾠ32–35	 ﾠFor	 ﾠthe	 ﾠHER	 ﾠreaction	 ﾠthe	 ﾠTafel	 ﾠbehavior	 ﾠis	 ﾠbased	 ﾠ
on	 ﾠa	 ﾠNiMoZn	 ﾠalloy.28,	 ﾠ36	 ﾠ
	 ﾠ
Figure	 ﾠ3.5	 ﾠSteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠof	 ﾠa	 ﾠPV–EC	 ﾠsystem.	 ﾠAn	 ﾠapplied	 ﾠvoltage	 ﾠis	 ﾠ
incorporated	 ﾠto	 ﾠillustrate	 ﾠanalysis	 ﾠof	 ﾠan	 ﾠexternally	 ﾠassisted	 ﾠsystem.	 ﾠ	 ﾠ 61	 ﾠ
Table	 ﾠ3.1	 ﾠSolar	 ﾠcell	 ﾠparameters	 ﾠfor	 ﾠthe	 ﾠmodeling	 ﾠ
Solar	 ﾠcell	 ﾠparameters	 ﾠ 	 ﾠ
J0	 ﾠ 4	 ﾠx	 ﾠ10–10mA	 ﾠcm–2	 ﾠ
RS	 ﾠ	 ﾠ 1.5	 ﾠΩ	 ﾠcm2	 ﾠ
VOC	 ﾠ 669	 ﾠmV	 ﾠ
JSC	 ﾠ 41	 ﾠmA	 ﾠcm–2	 ﾠ
Efficiency	 ﾠ(%)	 ﾠ 20	 ﾠ
	 ﾠ
Table	 ﾠ3.2	 ﾠElectrochemical	 ﾠparameters	 ﾠfor	 ﾠthe	 ﾠmodeling.	 ﾠ
Electrochemical	 ﾠparameters	 ﾠ
	 ﾠ Tafel	 ﾠslope	 ﾠ
(mV	 ﾠdecade–1)	 ﾠ
Exchange	 ﾠcurrent	 ﾠ
density	 ﾠ(A	 ﾠcm–2)	 ﾠ
OER	 ﾠkinetics	 ﾠ
Case	 ﾠI:	 ﾠ
	 ﾠNi–OEC	 ﾠ
30	 ﾠ 5	 ﾠx	 ﾠ10–18	 ﾠ
Case	 ﾠII:	 ﾠ	 ﾠ
	 ﾠCo–OEC	 ﾠ
60	 ﾠ 2.1	 ﾠx	 ﾠ10–12	 ﾠ
	 ﾠ 	 ﾠ 	 ﾠ
HER	 ﾠkinetics	 ﾠ 	 ﾠ 30 ﾠ 1 ﾠ× ﾠ10   ﾠ
	 ﾠ
3.4.1	 ﾠImpact	 ﾠof	 ﾠηPV	 ﾠon	 ﾠSFE	 ﾠ	 ﾠ
Fig.	 ﾠ3.6	 ﾠshows	 ﾠa	 ﾠcomparison	 ﾠbetween	 ﾠa	 ﾠcomparison	 ﾠbetween	 ﾠtwo	 ﾠPV’s	 ﾠwhere	 ﾠ
one	 ﾠPV	 ﾠis	 ﾠimproved	 ﾠabove	 ﾠthe	 ﾠbaseline	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠto	 ﾠηPV	 ﾠ=	 ﾠ23.3%	 ﾠvia	 ﾠa	 ﾠhigher	 ﾠJSC	 ﾠ(47	 ﾠ
mA	 ﾠcm–2)	 ﾠand	 ﾠthe	 ﾠother	 ﾠis	 ﾠimproved	 ﾠvia	 ﾠa	 ﾠhigher	 ﾠVOC	 ﾠ(0.75	 ﾠV).	 ﾠThe	 ﾠfirst	 ﾠrealization	 ﾠ	 ﾠ 62	 ﾠ
	 ﾠ
is	 ﾠthat	 ﾠfor	 ﾠCase	 ﾠI	 ﾠEC	 ﾠparameters	 ﾠin	 ﾠwhich	 ﾠthere	 ﾠis	 ﾠgood	 ﾠcoupling	 ﾠbetween	 ﾠthe	 ﾠPV	 ﾠand	 ﾠ
	 ﾠ
Figure	 ﾠ 3.6	 ﾠ Impact	 ﾠ on	 ﾠ SFE	 ﾠ via	 ﾠ improvement	 ﾠ in	 ﾠ PV	 ﾠ efficiency	 ﾠ compared	 ﾠ to	 ﾠ the	 ﾠ
baseline	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠ(–––––,	 ﾠgrey	 ﾠdash).	 ﾠGiven	 ﾠoptimal	 ﾠcoupling	 ﾠbetween	 ﾠthe	 ﾠPV	 ﾠand	 ﾠ
EC	 ﾠcomponents	 ﾠ(top)	 ﾠa	 ﾠhigher	 ﾠrelative	 ﾠSFE	 ﾠcan	 ﾠbe	 ﾠobtained	 ﾠby	 ﾠimproving	 ﾠthe	 ﾠJSC	 ﾠ
(▬▬,	 ﾠ green)	 ﾠ as	 ﾠ opposed	 ﾠ to	 ﾠ the	 ﾠ VOC	 ﾠ(–––––,	 ﾠ dashed	 ﾠ green).	 ﾠ Given	 ﾠ poor	 ﾠ coupling	 ﾠ
between	 ﾠthe	 ﾠbaseline	 ﾠPV	 ﾠand	 ﾠEC	 ﾠ(bottom),	 ﾠonly	 ﾠminor	 ﾠimprovements	 ﾠin	 ﾠthe	 ﾠSFE	 ﾠcan	 ﾠ
be	 ﾠobtained.	 ﾠ	 ﾠ	 ﾠ 63	 ﾠ
EC	 ﾠcomponents	 ﾠ(i.e.	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠintersects	 ﾠto	 ﾠthe	 ﾠleft	 ﾠof	 ﾠPMAX),	 ﾠimproving	 ﾠηPV	 ﾠvia	 ﾠ
increasing	 ﾠJSC	 ﾠgives	 ﾠa	 ﾠlarger	 ﾠrelative	 ﾠincrease	 ﾠin	 ﾠSFE	 ﾠas	 ﾠcompared	 ﾠto	 ﾠincreasing	 ﾠthe	 ﾠ	 ﾠ
VOC	 ﾠ(15%	 ﾠvs.	 ﾠ1%).	 ﾠAdditionally,	 ﾠthe	 ﾠhigher	 ﾠvoltage	 ﾠPV	 ﾠhardly	 ﾠimproves	 ﾠthe	 ﾠSFE	 ﾠ
compared	 ﾠto	 ﾠthe	 ﾠbaseline	 ﾠηPV	 ﾠ=	 ﾠ20%.	 ﾠHowever,	 ﾠfor	 ﾠCase	 ﾠII	 ﾠEC	 ﾠparameters,	 ﾠ(i.e.	 ﾠwhen	 ﾠ
the	 ﾠEC	 ﾠcurve	 ﾠoccurs	 ﾠto	 ﾠthe	 ﾠright	 ﾠof	 ﾠPMAX),	 ﾠthe	 ﾠhigher	 ﾠcurrent	 ﾠand	 ﾠhigher	 ﾠvoltage	 ﾠPV’s	 ﾠ
show	 ﾠa	 ﾠsimilar	 ﾠincrease	 ﾠin	 ﾠSFE.	 ﾠ
	 ﾠ
3.4.2	 ﾠImpact	 ﾠof	 ﾠηEC	 ﾠefficiency	 ﾠon	 ﾠSFE	 ﾠ
The	 ﾠequivalent–circuit	 ﾠanalysis	 ﾠalso	 ﾠallows	 ﾠus	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠ
solar	 ﾠcells	 ﾠneeded	 ﾠto	 ﾠachieve	 ﾠa	 ﾠhigh	 ﾠSFE	 ﾠgiven	 ﾠchoice	 ﾠof	 ﾠcatalyst	 ﾠas	 ﾠwell	 ﾠas
	 ﾠ
	 ﾠ
Figure	 ﾠ3.7	 ﾠJ–V	 ﾠcurves	 ﾠof	 ﾠmultiple	 ﾠseries	 ﾠconnected	 ﾠsolar	 ﾠcells	 ﾠwith	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠ(▬▬,	 ﾠ
grey)	 ﾠand	 ﾠEC	 ﾠcurves	 ﾠ(▬▬,	 ﾠdark	 ﾠblue).	 ﾠThe	 ﾠnumber	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠrequired	 ﾠchanges	 ﾠ
based	 ﾠon	 ﾠchoice	 ﾠof	 ﾠcatalyst	 ﾠwhich	 ﾠcauses	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠto	 ﾠshift	 ﾠleft	 ﾠor	 ﾠright	 ﾠand	 ﾠ
resistive	 ﾠlosses	 ﾠdue	 ﾠto	 ﾠRSOL	 ﾠcause	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠto	 ﾠtilt	 ﾠdown.	 ﾠ	 ﾠ 64	 ﾠ
resistive	 ﾠlosses.	 ﾠSince	 ﾠan	 ﾠionic	 ﾠconductivity	 ﾠis	 ﾠat	 ﾠleast	 ﾠfour	 ﾠorders	 ﾠof	 ﾠmagnitude	 ﾠless	 ﾠ
than	 ﾠelectronic	 ﾠconductivity	 ﾠ(i.e.	 ﾠresistance	 ﾠthrough	 ﾠelectrodes	 ﾠor	 ﾠwires)	 ﾠwe	 ﾠchoose	 ﾠ
to	 ﾠspecifically	 ﾠfocus	 ﾠon	 ﾠsolution	 ﾠresistance	 ﾠRSOL.	 ﾠFigure	 ﾠ3.7	 ﾠshows	 ﾠthat	 ﾠchoice	 ﾠof	 ﾠ
catalyst	 ﾠshifts	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠhorizontally	 ﾠand	 ﾠthat	 ﾠRSOL	 ﾠcauses	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠto	 ﾠtilt	 ﾠ
down	 ﾠand	 ﾠboth	 ﾠchange	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠrequired.	 ﾠ	 ﾠ
Fig.	 ﾠ3.8	 ﾠshows	 ﾠthe	 ﾠSFE	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠsolution	 ﾠresistance	 ﾠgiven	 ﾠthe	 ﾠηPV	 ﾠ=	 ﾠ20%	 ﾠ
parameters	 ﾠand	 ﾠtwo	 ﾠsets	 ﾠof	 ﾠEC	 ﾠparameters	 ﾠ(Tables	 ﾠ3.1	 ﾠand	 ﾠ3.2).	 ﾠIn	 ﾠorder	 ﾠto	 ﾠmaintain	 ﾠ
an	 ﾠSFE	 ﾠof	 ﾠ10%	 ﾠor	 ﾠhigher,	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠchanges	 ﾠand	 ﾠ3–5	 ﾠsolar	 ﾠcells	 ﾠare	 ﾠ
required.	 ﾠFor	 ﾠCase	 ﾠI	 ﾠEC	 ﾠparameters	 ﾠan	 ﾠSFE	 ﾠof	 ﾠ10%	 ﾠbased	 ﾠon	 ﾠ3	 ﾠsolar	 ﾠcells	 ﾠis	 ﾠonly	 ﾠ
achieved	 ﾠwith	 ﾠminimal	 ﾠsolution	 ﾠresistance	 ﾠRSOL	 ﾠand	 ﾠrapidly	 ﾠdrops	 ﾠbelow	 ﾠ10%.	 ﾠ
However,	 ﾠby	 ﾠincreasing	 ﾠto	 ﾠ4	 ﾠcells,	 ﾠa	 ﾠ12%	 ﾠSFE	 ﾠcan	 ﾠachieved	 ﾠuntil	 ﾠthe	 ﾠRSOL	 ﾠsurpasses	 ﾠ
90	 ﾠΩ	 ﾠcm2.	 ﾠInterestingly,	 ﾠgiven	 ﾠthe	 ﾠset	 ﾠof	 ﾠPV	 ﾠparameters,	 ﾠincreasing	 ﾠto	 ﾠ5	 ﾠcells	 ﾠ
produces	 ﾠjust	 ﾠunder	 ﾠa	 ﾠ10%	 ﾠSFE	 ﾠbecause	 ﾠJOP	 ﾠ/	 ﾠ5	 ﾠis	 ﾠless	 ﾠthan	 ﾠthe	 ﾠminimum	 ﾠcurrent–
density	 ﾠneeded	 ﾠto	 ﾠgive	 ﾠa	 ﾠ10%	 ﾠSFE	 ﾠ(i.e.	 ﾠ8.13	 ﾠmA	 ﾠcm–2).	 ﾠThe	 ﾠtrends	 ﾠare	 ﾠthe	 ﾠsame	 ﾠfor	 ﾠ
Case	 ﾠII	 ﾠEC	 ﾠparameters.	 ﾠHowever	 ﾠthe	 ﾠlower	 ﾠTafel	 ﾠslope	 ﾠof	 ﾠthe	 ﾠNiBi	 ﾠcatalyst	 ﾠresults	 ﾠin	 ﾠa	 ﾠ
larger	 ﾠηEC,	 ﾠproducing	 ﾠa	 ﾠ14.5%	 ﾠSFE	 ﾠusing	 ﾠ3–cells	 ﾠand	 ﾠmaintains	 ﾠ>	 ﾠ10%	 ﾠuntil	 ﾠRSOL	 ﾠ
attains	 ﾠ20	 ﾠΩ	 ﾠcm2,	 ﾠin	 ﾠwhich	 ﾠcase	 ﾠ4	 ﾠcells	 ﾠare	 ﾠneeded.	 ﾠAgain,	 ﾠutilizing	 ﾠ5	 ﾠcells	 ﾠresults	 ﾠin	 ﾠa	 ﾠ
JOP	 ﾠthat	 ﾠis	 ﾠtoo	 ﾠsmall	 ﾠto	 ﾠproduce	 ﾠa	 ﾠ10%	 ﾠor	 ﾠhigher	 ﾠSFE.	 ﾠ	 ﾠ 65	 ﾠ
	 ﾠ
	 ﾠ
3.5	 ﾠModel	 ﾠvalidation	 ﾠ	 ﾠ
As	 ﾠa	 ﾠcase	 ﾠstudy,	 ﾠwe	 ﾠused	 ﾠthis	 ﾠsteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠanalysis	 ﾠto	 ﾠ
analyze	 ﾠthe	 ﾠOER	 ﾠhalf–reaction	 ﾠin	 ﾠan	 ﾠexperiment	 ﾠidentical	 ﾠto	 ﾠthose	 ﾠdiscussed	 ﾠin	 ﾠ
Chapter	 ﾠ2.	 ﾠIn	 ﾠthis	 ﾠexperiment,	 ﾠthe	 ﾠCoBi	 ﾠcatalyst	 ﾠwas	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠp–terminal	 ﾠof	 ﾠa	 ﾠ
single–junction	 ﾠc–Si	 ﾠsolar	 ﾠcell.	 ﾠSince	 ﾠadditional	 ﾠvoltage	 ﾠ(Vappl)	 ﾠwas	 ﾠapplied	 ﾠto	 ﾠassist	 ﾠin	 ﾠ
the	 ﾠOER	 ﾠreaction	 ﾠequation	 ﾠ3.4	 ﾠwas	 ﾠmodified	 ﾠas	 ﾠfollows:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝑉   + ﾠ𝑉     = ﾠ𝑉   + ﾠ𝜂    𝐽   	 ﾠ (3.9)	 ﾠ
	 ﾠ
where	 ﾠVth	 ﾠis	 ﾠnow	 ﾠthe	 ﾠNerstian	 ﾠpotential	 ﾠfor	 ﾠthe	 ﾠwater–oxidation	 ﾠreaction	 ﾠwhich	 ﾠis	 ﾠ
0.68	 ﾠV	 ﾠvs.	 ﾠNHE	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThis	 ﾠis	 ﾠrepresented	 ﾠin	 ﾠFig.	 ﾠ3.9,	 ﾠwhich	 ﾠshows	 ﾠthe	 ﾠJ–V	 ﾠ
	 ﾠ
Figure	 ﾠ3.8	 ﾠImpact	 ﾠof	 ﾠsolution	 ﾠresistance	 ﾠand	 ﾠEC	 ﾠparameters	 ﾠon	 ﾠSFE	 ﾠgiven	 ﾠηPV	 ﾠ=	 ﾠ20%.	 ﾠ
Case	 ﾠI	 ﾠEC	 ﾠparameters	 ﾠ(▬▬,	 ﾠgreen)	 ﾠare	 ﾠbased	 ﾠon	 ﾠutilizing	 ﾠthe	 ﾠCo–OEC	 ﾠand	 ﾠCase	 ﾠII	 ﾠEC	 ﾠ
(▬▬,	 ﾠnavy)	 ﾠare	 ﾠbased	 ﾠon	 ﾠutilizing	 ﾠthe	 ﾠNi–OEC.	 ﾠ	 ﾠ 66	 ﾠ
characteristics	 ﾠof	 ﾠthe	 ﾠPV	 ﾠdevice	 ﾠused	 ﾠand	 ﾠJ–V	 ﾠbehavior	 ﾠfor	 ﾠthe	 ﾠOER	 ﾠreaction	 ﾠ
(obtained	 ﾠvia	 ﾠsteady–state	 ﾠTafel	 ﾠanalysis	 ﾠin	 ﾠisolation	 ﾠfrom	 ﾠthe	 ﾠsolar	 ﾠcell)	 ﾠwhich	 ﾠis	 ﾠ
shifted	 ﾠto	 ﾠlower	 ﾠpotentials	 ﾠby	 ﾠVappl	 ﾠuntil	 ﾠthe	 ﾠtwo–curves	 ﾠintersect,	 ﾠresulting	 ﾠin	 ﾠthe	 ﾠ
predicted	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠPV–assisted	 ﾠOER	 ﾠreaction.	 ﾠ
	 ﾠ
	 ﾠ In	 ﾠFig.	 ﾠ3.10	 ﾠthe	 ﾠpredicted	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠsystem	 ﾠis	 ﾠcompared	 ﾠ
to	 ﾠthe	 ﾠexperimentally	 ﾠmeasured	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠa	 ﾠPV–assisted	 ﾠphotoanode.	 ﾠBy	 ﾠ
using	 ﾠthe	 ﾠJ–V	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell	 ﾠdepicted	 ﾠin	 ﾠFig.	 ﾠ3.9,	 ﾠand	 ﾠthe	 ﾠindependently	 ﾠ
measured	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠthe	 ﾠCoBi	 ﾠcatalyst,	 ﾠthe	 ﾠcoupled	 ﾠbehavior	 ﾠis	 ﾠdetermined;	 ﾠthe	 ﾠ
measurement	 ﾠand	 ﾠprediction	 ﾠagree	 ﾠto	 ﾠwithin	 ﾠ<	 ﾠ10mV.	 ﾠFurthermore,	 ﾠas	 ﾠmentioned	 ﾠin	 ﾠ
	 ﾠ
Figure	 ﾠ3.9	 ﾠGraphical	 ﾠdemonstration	 ﾠof	 ﾠhow	 ﾠthe	 ﾠpredictive	 ﾠanalysis	 ﾠworks	 ﾠfor	 ﾠPV–
assisted	 ﾠ reactions,	 ﾠ where	 ﾠ the	 ﾠ PV–curve	 ﾠ (▬▬,	 ﾠ blue)	 ﾠ is	 ﾠ based	 ﾠ on	 ﾠ the	 ﾠ J–V	 ﾠ
characteristics	 ﾠof	 ﾠan	 ﾠin–house	 ﾠbuilt	 ﾠsingle	 ﾠjunction	 ﾠc–Si	 ﾠPV	 ﾠand	 ﾠthe	 ﾠEC–curve	 ﾠ(▬▬,	 ﾠ
red)	 ﾠis	 ﾠbased	 ﾠon	 ﾠthe	 ﾠCoBi	 ﾠwater–oxidation	 ﾠcatalyst	 ﾠoperating	 ﾠin	 ﾠpH	 ﾠ9.2	 ﾠsolution.	 ﾠ	 ﾠ	 ﾠ 67	 ﾠ
Chapter	 ﾠ2,	 ﾠthe	 ﾠvoltage	 ﾠoffset	 ﾠbetween	 ﾠthe	 ﾠTafel	 ﾠslopes	 ﾠfor	 ﾠthe	 ﾠOER–functionalized	 ﾠc–	 ﾠ
Si	 ﾠphotoanodes	 ﾠunder	 ﾠthe	 ﾠlight	 ﾠconfiguration	 ﾠand	 ﾠthe	 ﾠconfiguration	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠPV	 ﾠ
is	 ﾠbypassed	 ﾠis	 ﾠexactly	 ﾠthe	 ﾠVOC	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell.	 ﾠSince	 ﾠTafel	 ﾠanalysis	 ﾠis	 ﾠconducted	 ﾠat	 ﾠ
very	 ﾠlow	 ﾠcurrent–densities	 ﾠof	 ﾠ1	 ﾠmA	 ﾠcm–2	 ﾠor	 ﾠlower,	 ﾠthis	 ﾠrequires	 ﾠthat	 ﾠthe	 ﾠsystem	 ﾠ
must	 ﾠbe	 ﾠcoupled	 ﾠnear	 ﾠthe	 ﾠVOC	 ﾠof	 ﾠthe	 ﾠsolar	 ﾠcell.	 ﾠ
	 ﾠ
3.6	 ﾠConclusion	 ﾠ
A	 ﾠframework	 ﾠis	 ﾠoutlines	 ﾠfor	 ﾠintegrating	 ﾠa	 ﾠseries	 ﾠof	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠ
	 ﾠ
Figure	 ﾠ 3.10	 ﾠ Predicted	 ﾠ Tafel	 ﾠ behavior	 ﾠ of	 ﾠ a	 ﾠ PV–assisted	 ﾠ water	 ﾠ oxidation	 ﾠ system	 ﾠ
similar	 ﾠto	 ﾠthe	 ﾠexperiments	 ﾠdescribed	 ﾠin	 ﾠChapter	 ﾠ2.	 ﾠThe	 ﾠelectrical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠ
PV	 ﾠ (shown	 ﾠ in	 ﾠ Fig.	 ﾠ 3.8)	 ﾠ and	 ﾠ EC	 ﾠ systems	 ﾠ were	 ﾠ measured	 ﾠ independently	 ﾠ (●,	 ﾠ black	 ﾠ
dots)	 ﾠand	 ﾠused	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠcoupled	 ﾠbehavior	 ﾠ(▬▬,	 ﾠblack).	 ﾠThe	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠ
the	 ﾠPV–assisted	 ﾠphotoanode	 ﾠ(●,	 ﾠred	 ﾠdots)	 ﾠand	 ﾠpredicted	 ﾠbehavior	 ﾠmatch	 ﾠto	 ﾠwithin	 ﾠ
10	 ﾠmV.	 ﾠ	 ﾠ	 ﾠ 68	 ﾠ
cells	 ﾠwith	 ﾠrecently	 ﾠdeveloped	 ﾠwater–splitting	 ﾠcatalysts	 ﾠfor	 ﾠdirect	 ﾠsolar–to–fuels	 ﾠ
conversion.	 ﾠThe	 ﾠsteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠanalysis	 ﾠgives	 ﾠa	 ﾠtool	 ﾠthat	 ﾠallows	 ﾠus	 ﾠto	 ﾠ
predict	 ﾠthe	 ﾠefficiency	 ﾠfor	 ﾠa	 ﾠcoupled	 ﾠPV–EC	 ﾠsystem.	 ﾠThis	 ﾠanalysis	 ﾠallows	 ﾠus	 ﾠto	 ﾠ
determine	 ﾠthe	 ﾠoptimal	 ﾠnumber	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠrequired	 ﾠfor	 ﾠa	 ﾠstand–alone	 ﾠwater–
splitting	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠcatalyst	 ﾠchoice	 ﾠand	 ﾠconsidering	 ﾠresistive	 ﾠlosses.	 ﾠThe	 ﾠmodel	 ﾠ
is	 ﾠvalidated	 ﾠby	 ﾠcorrectly	 ﾠpredicting	 ﾠthe	 ﾠJ–V	 ﾠcharacteristics	 ﾠof	 ﾠa	 ﾠPV–assisted	 ﾠOER	 ﾠ
photoanode.	 ﾠThese	 ﾠresults	 ﾠpave	 ﾠa	 ﾠpath	 ﾠto	 ﾠour	 ﾠgoal	 ﾠof	 ﾠdesigning	 ﾠa	 ﾠstand–alone	 ﾠwater–
splitting	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠall	 ﾠterrestrially	 ﾠready	 ﾠmaterials	 ﾠexhibiting	 ﾠa	 ﾠsolar–to–fuels	 ﾠ
efficiency	 ﾠof	 ﾠ10%	 ﾠor	 ﾠhigher.	 ﾠ
	 ﾠ
3.7	 ﾠExperimental	 ﾠ
	 ﾠ Sample	 ﾠFabrication.	 ﾠCrystalline	 ﾠsilicon	 ﾠsolar	 ﾠcells	 ﾠwere	 ﾠfabricated	 ﾠaccording	 ﾠ
to	 ﾠpreviously	 ﾠpublished	 ﾠprocedures.37	 ﾠ	 ﾠThe	 ﾠCoBi	 ﾠOER–catalysts	 ﾠwas	 ﾠdeposited	 ﾠvia	 ﾠ
bulk	 ﾠelectrolysis	 ﾠin	 ﾠa	 ﾠtwo–compartment	 ﾠelectrochemical	 ﾠcell	 ﾠwith	 ﾠa	 ﾠglass	 ﾠfrit	 ﾠof	 ﾠfine	 ﾠ
porosity.	 ﾠFor	 ﾠthe	 ﾠelectrodeposition,	 ﾠthe	 ﾠworking	 ﾠcompartment	 ﾠwas	 ﾠcharged	 ﾠwith	 ﾠ
~50mL	 ﾠsolution	 ﾠ(25	 ﾠmL	 ﾠof	 ﾠ0.2M	 ﾠKBi	 ﾠelectrolyte	 ﾠand	 ﾠ25	 ﾠmL	 ﾠof	 ﾠ1mM	 ﾠCo2+	 ﾠsolution).	 ﾠ
The	 ﾠauxiliary	 ﾠcompartment	 ﾠwas	 ﾠcharged	 ﾠwith	 ﾠ0.1	 ﾠM	 ﾠKBi	 ﾠelectrolyte	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThe	 ﾠ
working	 ﾠelectrode	 ﾠwas	 ﾠthe	 ﾠsurface	 ﾠpassivated	 ﾠc–Si	 ﾠsolar	 ﾠcell.	 ﾠTypically,	 ﾠ1	 ﾠcm2	 ﾠare	 ﾠof	 ﾠ
the	 ﾠworking	 ﾠelectrode	 ﾠwas	 ﾠimmersed	 ﾠin	 ﾠthe	 ﾠsolution	 ﾠand	 ﾠelectrolysis	 ﾠwas	 ﾠcarried	 ﾠout	 ﾠ
at	 ﾠ0.85	 ﾠV	 ﾠvs.	 ﾠNHE	 ﾠuntil	 ﾠ26	 ﾠmC	 ﾠcm–2	 ﾠof	 ﾠcharge	 ﾠpassed.	 ﾠ	 ﾠ
	 ﾠ Photoelectrochemistry	 ﾠexperiments.	 ﾠPhotoelectrochemistry	 ﾠexperiments	 ﾠ
were	 ﾠperformed	 ﾠin	 ﾠa	 ﾠone–compartment	 ﾠquartz	 ﾠcell.	 ﾠThe	 ﾠlight	 ﾠsource	 ﾠwas	 ﾠa	 ﾠSol	 ﾠ2A	 ﾠ
solar	 ﾠsimulator	 ﾠ(Newport).	 ﾠThe	 ﾠTafel	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠsurface–passivated,	 ﾠcatalyst–	 ﾠ 69	 ﾠ
functiaonlized	 ﾠsolar	 ﾠcells	 ﾠwas	 ﾠmeasured	 ﾠin	 ﾠthe	 ﾠregion	 ﾠof	 ﾠwater–oxidation	 ﾠover	 ﾠa	 ﾠ200	 ﾠ
mV	 ﾠrange	 ﾠin	 ﾠ10	 ﾠto	 ﾠ30	 ﾠmV	 ﾠincrements.	 ﾠThe	 ﾠmeasurements	 ﾠwere	 ﾠconducted	 ﾠin	 ﾠa	 ﾠ
solution	 ﾠcontaing	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠand	 ﾠ1.5	 ﾠM	 ﾠKNO3	 ﾠat	 ﾠpH	 ﾠ9.2,	 ﾠusing	 ﾠan	 ﾠAg/AgCl	 ﾠreference	 ﾠ
electrode	 ﾠand	 ﾠPt	 ﾠauxiliary	 ﾠelectrode.	 ﾠ	 ﾠ	 ﾠ 70	 ﾠ
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4.1	 ﾠIntroduction	 ﾠ
In	 ﾠorder	 ﾠto	 ﾠmake	 ﾠa	 ﾠsolar–water–splitting	 ﾠdevice	 ﾠeconomically	 ﾠviable	 ﾠthe	 ﾠ
commonly	 ﾠaccepted	 ﾠmetric	 ﾠis	 ﾠthat	 ﾠa	 ﾠ10%	 ﾠor	 ﾠhigher	 ﾠsolar–to–fuels	 ﾠefficiency	 ﾠ(SFE)	 ﾠis	 ﾠ
required.1–3	 ﾠCurrently,	 ﾠthe	 ﾠrecord–holding	 ﾠSFE	 ﾠfor	 ﾠsolar	 ﾠwater–splitting	 ﾠdevices	 ﾠis	 ﾠ
between	 ﾠ16–18%.1,4	 ﾠBoth	 ﾠof	 ﾠthese	 ﾠwere	 ﾠbased	 ﾠon	 ﾠexpensive	 ﾠgroup	 ﾠIII–V	 ﾠmulti–
junction	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠprecious	 ﾠwater–splitting	 ﾠcatalysts	 ﾠsuch	 ﾠas	 ﾠPt	 ﾠand	 ﾠRu.	 ﾠMore	 ﾠ
recently,	 ﾠdevices	 ﾠconstructed	 ﾠutilizing	 ﾠcheaper	 ﾠPV	 ﾠcomponents	 ﾠsuch	 ﾠas	 ﾠtriple–
junction	 ﾠamorphous	 ﾠsilicon	 ﾠ(a–Si)	 ﾠ5–9and	 ﾠcopper	 ﾠindium	 ﾠgallium	 ﾠdiselenide	 ﾠ(CIGS)	 ﾠ
have	 ﾠalso	 ﾠbeen	 ﾠdemonstrated.10,11	 ﾠOf	 ﾠthese	 ﾠdemonstrations,	 ﾠfew	 ﾠused	 ﾠearth–
abundant	 ﾠwater–splitting	 ﾠcatalysts	 ﾠand	 ﾠmany	 ﾠoperated	 ﾠin	 ﾠhighly	 ﾠacidic	 ﾠor	 ﾠbasic	 ﾠ
solutions,	 ﾠwhich	 ﾠimpaired	 ﾠlong–term	 ﾠstability.	 ﾠCurrently,	 ﾠthe	 ﾠrecord	 ﾠSFE	 ﾠfor	 ﾠa	 ﾠstand–
alone	 ﾠwater	 ﾠsplitting	 ﾠdevice	 ﾠcomposed	 ﾠof	 ﾠall	 ﾠearth	 ﾠabundant	 ﾠand	 ﾠtechnology	 ﾠready	 ﾠ
materials	 ﾠoperating	 ﾠin	 ﾠbenign	 ﾠsolutions	 ﾠis	 ﾠ4.7%.7,12	 ﾠThis	 ﾠresult	 ﾠwas	 ﾠbased	 ﾠupon	 ﾠ“the	 ﾠ
artificial	 ﾠleaf,”	 ﾠwhich	 ﾠwas	 ﾠcomposed	 ﾠof	 ﾠa	 ﾠtriple–junction	 ﾠa–Si	 ﾠsolar	 ﾠcell,	 ﾠa	 ﾠCoBi	 ﾠ
oxygen–evolution	 ﾠcatalyst	 ﾠ(OEC)	 ﾠand	 ﾠa	 ﾠNiMoZn	 ﾠalloy	 ﾠhydrogen–evolution	 ﾠcatalyst	 ﾠ
(HEC).	 ﾠHOwever,	 ﾠgiven	 ﾠthe	 ﾠefficiency	 ﾠlimitations	 ﾠof	 ﾠtriple–junction	 ﾠa–Si	 ﾠsolar	 ﾠ
cells13,14	 ﾠa	 ﾠ10%	 ﾠor	 ﾠhigher	 ﾠSFE	 ﾠcannot	 ﾠbe	 ﾠachieved	 ﾠuntil	 ﾠthe	 ﾠPV	 ﾠtechnology	 ﾠhas	 ﾠ
improved.	 ﾠ	 ﾠ
In	 ﾠChapter	 ﾠ3,	 ﾠequivalent	 ﾠcircuit	 ﾠanalysis	 ﾠof	 ﾠa	 ﾠcoupled	 ﾠPV–EC	 ﾠsystem	 ﾠbased	 ﾠon	 ﾠ
a	 ﾠstring	 ﾠof	 ﾠsingle	 ﾠjunction	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠearth–abundant	 ﾠcatalysts	 ﾠpredicted	 ﾠa	 ﾠ
SFE	 ﾠof	 ﾠ10%	 ﾠcould	 ﾠreadily	 ﾠbe	 ﾠachieved.	 ﾠGuided	 ﾠby	 ﾠsteady–state	 ﾠequivalent	 ﾠcircuit	 ﾠ
analysis	 ﾠdescribed	 ﾠin	 ﾠChapter	 ﾠ3,	 ﾠhere	 ﾠwe	 ﾠdemonstrate	 ﾠthat	 ﾠan	 ﾠSFE	 ﾠ>10%	 ﾠcan	 ﾠbe	 ﾠ
achieved	 ﾠwith	 ﾠall	 ﾠnon–precious,	 ﾠlow–cost,	 ﾠcommercially	 ﾠready	 ﾠcomponents	 ﾠand	 ﾠ	 ﾠ 75	 ﾠ
materials.	 ﾠSpecifically,	 ﾠwe	 ﾠpresent	 ﾠa	 ﾠrational	 ﾠsystems	 ﾠdesign	 ﾠapproach	 ﾠto	 ﾠevaluate	 ﾠ
each	 ﾠcomponent	 ﾠof	 ﾠa	 ﾠmodular	 ﾠPV–EC	 ﾠdevice	 ﾠcomprised	 ﾠof	 ﾠa	 ﾠc–Si	 ﾠPV	 ﾠmini–module	 ﾠ
and	 ﾠnon–precious	 ﾠcatalysts	 ﾠfor	 ﾠthe	 ﾠhydrogen–evolution	 ﾠand	 ﾠoxygen–evolution	 ﾠ
reactions	 ﾠ(HER	 ﾠand	 ﾠOER,	 ﾠrespectively).	 ﾠAlthough	 ﾠthis	 ﾠapproach	 ﾠdoes	 ﾠnot	 ﾠresult	 ﾠin	 ﾠa	 ﾠ
monolithic	 ﾠstructure	 ﾠin	 ﾠwhich	 ﾠcatalysts	 ﾠat	 ﾠdirectly	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠPV	 ﾠdevice	 ﾠ(a.k.a.	 ﾠ
an	 ﾠartificial	 ﾠleaf),	 ﾠas	 ﾠdiscussed	 ﾠin	 ﾠChapter	 ﾠ3	 ﾠthe	 ﾠequivalent	 ﾠcircuit	 ﾠfor	 ﾠboth	 ﾠconstructs	 ﾠ
is	 ﾠidentical.15	 ﾠThis	 ﾠapproach	 ﾠallows	 ﾠfor	 ﾠmodular	 ﾠindependent	 ﾠoptimization,	 ﾠafter	 ﾠ
which	 ﾠthe	 ﾠcomponents	 ﾠcould	 ﾠbe	 ﾠintegrated	 ﾠinto	 ﾠa	 ﾠmonolithic	 ﾠdesign.	 ﾠ
	 ﾠ
4.2	 ﾠResults	 ﾠ
Water–splitting	 ﾠcatalysts	 ﾠcan	 ﾠbe	 ﾠintegrated	 ﾠwith	 ﾠa	 ﾠc–Si	 ﾠPV	 ﾠmodule	 ﾠeither	 ﾠ
directly	 ﾠby	 ﾠdepositing	 ﾠcatalysts	 ﾠonto	 ﾠsilicon	 ﾠ(Fig.	 ﾠ4.1)	 ﾠor	 ﾠindirectly	 ﾠby	 ﾠwiring	 ﾠthe	 ﾠPV–
module	 ﾠto	 ﾠelectrodes	 ﾠ(Fig.4.2).	 ﾠIn	 ﾠorder	 ﾠto	 ﾠmake	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠwith	 ﾠminimal	 ﾠ
fabrication	 ﾠand	 ﾠadopt	 ﾠa	 ﾠcompletely	 ﾠmodular	 ﾠapproach	 ﾠsuch	 ﾠthat	 ﾠevery	 ﾠcomponent	 ﾠ
can	 ﾠbe	 ﾠtested,	 ﾠcharacterized,	 ﾠand	 ﾠreplaced	 ﾠsystematically	 ﾠwe	 ﾠchose	 ﾠapply	 ﾠthe	 ﾠ
indirect	 ﾠmethod.	 ﾠSuch	 ﾠa	 ﾠconfiguration	 ﾠalso	 ﾠallows	 ﾠus	 ﾠto	 ﾠutilize	 ﾠelectrodes	 ﾠthat	 ﾠare	 ﾠnot	 ﾠ
restricted	 ﾠto	 ﾠthe	 ﾠPV	 ﾠarea.	 ﾠHowever,	 ﾠfor	 ﾠall	 ﾠof	 ﾠthe	 ﾠmeasurements	 ﾠconducted	 ﾠherein	 ﾠ
the	 ﾠelectrode	 ﾠarea	 ﾠwas	 ﾠkept	 ﾠproportional	 ﾠto	 ﾠthe	 ﾠPV–module	 ﾠarea	 ﾠsuch	 ﾠthat	 ﾠall	 ﾠ
photoelectrochemical	 ﾠ(PEC)	 ﾠmeasurements	 ﾠwould	 ﾠbe	 ﾠreflective	 ﾠof	 ﾠan	 ﾠequivalent	 ﾠ
monolithic	 ﾠdevice.	 ﾠ	 ﾠ
Since	 ﾠthe	 ﾠPV–EC	 ﾠmodular	 ﾠconfiguration	 ﾠallows	 ﾠfor	 ﾠindependent	 ﾠoptimization	 ﾠ
of	 ﾠthe	 ﾠPV–component	 ﾠand	 ﾠelectrochemical	 ﾠcomponents	 ﾠ(electrodes	 ﾠand	 ﾠcatalysts),	 ﾠ
the	 ﾠoperating	 ﾠpoint	 ﾠfor	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠdevice	 ﾠcan	 ﾠbe	 ﾠillustrated	 ﾠgraphically	 ﾠas	 ﾠ	 ﾠ 76	 ﾠ
the	 ﾠintersection	 ﾠpoint	 ﾠof	 ﾠthe	 ﾠindependently	 ﾠmeasured	 ﾠcurrent–voltage	 ﾠ(J–V)	 ﾠcurves	 ﾠ
for	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠfor	 ﾠwater–splitting.	 ﾠ
	 ﾠ
Figure	 ﾠ4.1	 ﾠSchematic	 ﾠof	 ﾠa	 ﾠPV–EC	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠseries–connected	 ﾠsingle–junction	 ﾠ
c–Si	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠwater–splitting	 ﾠcatalyst.	 ﾠIn	 ﾠthis	 ﾠconfiguration	 ﾠthe	 ﾠOER–catalyst	 ﾠis	 ﾠ
directly	 ﾠdeposited	 ﾠon	 ﾠthe	 ﾠback	 ﾠof	 ﾠthe	 ﾠlast	 ﾠsolar	 ﾠcell	 ﾠin	 ﾠthe	 ﾠstack.	 ﾠ	 ﾠ	 ﾠ 77	 ﾠ
The	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠgive	 ﾠthe	 ﾠoperational	 ﾠcurrent	 ﾠdensity,	 ﾠJOP,	 ﾠwhich	 ﾠis	 ﾠrelated	 ﾠto	 ﾠ
the	 ﾠSFE	 ﾠby	 ﾠmultiplying	 ﾠby	 ﾠthe	 ﾠthermodynamic	 ﾠpotential	 ﾠfor	 ﾠwater–splitting	 ﾠand	 ﾠ
Faradaic	 ﾠefficiency,	 ﾠηFar:	 ﾠ
	 ﾠ
	 ﾠ SFE =
1.23 ﾠV ∙ 𝐽   ∙ ﾠ𝜂   
𝑃    (mW ﾠcm  )
	 ﾠ (4.1)	 ﾠ
	 ﾠ
For	 ﾠmaximum	 ﾠSFE,	 ﾠthe	 ﾠintersection	 ﾠof	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠJ–V	 ﾠcurves	 ﾠoccurs	 ﾠat	 ﾠa	 ﾠ
voltage	 ﾠabove	 ﾠthe	 ﾠminimum	 ﾠvoltage	 ﾠrequired	 ﾠfor	 ﾠwater–splitting	 ﾠ(i.e.	 ﾠ
thermodynamic	 ﾠpotential,	 ﾠplus	 ﾠadditional	 ﾠkinetic	 ﾠoverpotentials	 ﾠand	 ﾠcell	 ﾠ
resistances),	 ﾠbut	 ﾠbelow	 ﾠthe	 ﾠvoltage	 ﾠat	 ﾠthe	 ﾠmaximum	 ﾠpower–point	 ﾠof	 ﾠthe	 ﾠPV	 ﾠmodule,	 ﾠ
	 ﾠ
Figure	 ﾠ 4.2	 ﾠ Schematic	 ﾠ of	 ﾠ a	 ﾠ PV–EC	 ﾠ device	 ﾠ used	 ﾠ in	 ﾠ these	 ﾠ studies.	 ﾠ In	 ﾠ this	 ﾠ modular	 ﾠ
configuration	 ﾠeach	 ﾠcomponent	 ﾠcan	 ﾠbe	 ﾠeasily	 ﾠevaluated	 ﾠand	 ﾠreplaced	 ﾠindependently.	 ﾠ	 ﾠ 78	 ﾠ
VMPP.	 ﾠThis	 ﾠlater	 ﾠpoint	 ﾠis	 ﾠsupported	 ﾠby	 ﾠEq.	 ﾠ4.1,	 ﾠwhereby	 ﾠthe	 ﾠefficiency	 ﾠis	 ﾠproportional	 ﾠ
to	 ﾠJOP	 ﾠand	 ﾠmaximized	 ﾠat	 ﾠvoltages	 ﾠbelow	 ﾠVMPP	 ﾠas	 ﾠshown	 ﾠin	 ﾠFig.	 ﾠ4.3	 ﾠwhich	 ﾠshows	 ﾠthe	 ﾠJ–
V	 ﾠcurve	 ﾠfor	 ﾠthe	 ﾠmini–modules	 ﾠused	 ﾠfor	 ﾠthe	 ﾠPV–EC	 ﾠdevice.	 ﾠThe	 ﾠmodules	 ﾠwere	 ﾠ
constructed	 ﾠfrom	 ﾠeither	 ﾠ3	 ﾠor	 ﾠ4	 ﾠcommercial	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠconnected	 ﾠ
in	 ﾠseries.	 ﾠWhen	 ﾠconnecting	 ﾠthe	 ﾠcells	 ﾠin	 ﾠseries,	 ﾠthe	 ﾠJ–V	 ﾠproperties	 ﾠshow	 ﾠthat	 ﾠupon	 ﾠ
addition	 ﾠof	 ﾠsolar	 ﾠcells	 ﾠthe	 ﾠvoltages	 ﾠare	 ﾠadditive,	 ﾠwhile	 ﾠthe	 ﾠcurrent	 ﾠdensity	 ﾠdecreases	 ﾠ
as	 ﾠ1/area	 ﾠ(see	 ﾠTable	 ﾠ4.1	 ﾠfor	 ﾠPV–module	 ﾠcharacteristics).	 ﾠIt	 ﾠshould	 ﾠbe	 ﾠnoted	 ﾠthat	 ﾠthe	 ﾠ
overall	 ﾠPV	 ﾠefficiency	 ﾠis	 ﾠmaintained	 ﾠupon	 ﾠconnecting	 ﾠN	 ﾠcells	 ﾠin	 ﾠseries	 ﾠbecause	 ﾠthe	 ﾠ
	 ﾠ
Figure	 ﾠ4.3	 ﾠJ–V	 ﾠcurves	 ﾠof	 ﾠthe	 ﾠindividually	 ﾠmeasure	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠmaking	 ﾠup	 ﾠ
the	 ﾠPV–EC	 ﾠdevice.	 ﾠThe	 ﾠgrey	 ﾠcurves	 ﾠrepresent	 ﾠthe	 ﾠJ–V	 ﾠ curves	 ﾠ for	 ﾠthe	 ﾠ PV	 ﾠ modules	 ﾠ
composed	 ﾠof	 ﾠeither	 ﾠthree	 ﾠ(––––,	 ﾠgrey–dashed)	 ﾠor	 ﾠfour	 ﾠ(▬▬,	 ﾠ grey–solid)	 ﾠsingle–
junction	 ﾠ c–Si	 ﾠ solar	 ﾠ cells	 ﾠ measure	 ﾠ under	 ﾠ AM	 ﾠ 1.5	 ﾠ illumination.	 ﾠ The	 ﾠ red	 ﾠ curves	 ﾠ
represent	 ﾠelectrochemical	 ﾠload	 ﾠJ–V	 ﾠcurves	 ﾠusing	 ﾠNiBi	 ﾠand	 ﾠNiMoZn	 ﾠcatalysts,	 ﾠwhere	 ﾠ
the	 ﾠ ideal	 ﾠ EC	 ﾠ curve	 ﾠ (––––,	 ﾠ red–dashed)	 ﾠ is	 ﾠ based	 ﾠ on	 ﾠ previously	 ﾠ reported	 ﾠ Tafel	 ﾠ
analysis	 ﾠand	 ﾠthe	 ﾠactual	 ﾠEC	 ﾠcurve	 ﾠ(▬▬,	 ﾠred)	 ﾠmeasured	 ﾠin	 ﾠa	 ﾠ2–electrode	 ﾠexperiment	 ﾠ
(0.5M	 ﾠKBi	 ﾠ/	 ﾠ0.5M	 ﾠK2SO4,	 ﾠpH	 ﾠ9.2).	 ﾠThe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠrepresents	 ﾠthe	 ﾠJOP	 ﾠ(●,	 ﾠ
orange	 ﾠcircles)	 ﾠand	 ﾠthe	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠsystem.	 ﾠ	 ﾠ 79	 ﾠ
module	 ﾠvoltage	 ﾠwill	 ﾠbe	 ﾠxN	 ﾠlarger	 ﾠthan	 ﾠthe	 ﾠindivdual	 ﾠcell,	 ﾠand	 ﾠthe	 ﾠcurrent	 ﾠdensity	 ﾠwill	 ﾠ
be	 ﾠx1/N	 ﾠthat	 ﾠof	 ﾠan	 ﾠindivdual	 ﾠcell.	 ﾠ	 ﾠ
Table	 ﾠ4.1.	 ﾠPV	 ﾠcharacteristics	 ﾠfor	 ﾠthe	 ﾠ3	 ﾠand	 ﾠ4–cell	 ﾠc–Si	 ﾠmini–modules.	 ﾠ
PV	 ﾠmodule	 ﾠcharacteristics	 ﾠ 4–	 ﾠcell	 ﾠ 3–cell	 ﾠ
VOC	 ﾠ(V)	 ﾠ 2.46	 ﾠ 1.79	 ﾠ
JSC	 ﾠ(mA	 ﾠcm–2)	 ﾠ 51.0	 ﾠ 52.2	 ﾠ
Active	 ﾠArea	 ﾠ(cm2)	 ﾠ 6.0	 ﾠ 4.5	 ﾠ
Fill	 ﾠFactor	 ﾠ 76.9	 ﾠ 76.2	 ﾠ
Efficiency	 ﾠ(%)	 ﾠ 16.0	 ﾠ 15.8	 ﾠ
	 ﾠ
The	 ﾠchoice	 ﾠof	 ﾠwater–splitting	 ﾠcatalysts	 ﾠwas	 ﾠbased	 ﾠupon	 ﾠindependent	 ﾠstudies	 ﾠ
of	 ﾠthe	 ﾠcatalysts	 ﾠdeveloped	 ﾠin	 ﾠour	 ﾠgroup.	 ﾠPresently,	 ﾠthe	 ﾠNiBi	 ﾠOER	 ﾠcatalyst	 ﾠis	 ﾠthe	 ﾠmost	 ﾠ
active	 ﾠOEC,	 ﾠrequiring	 ﾠonly	 ﾠ430	 ﾠmV	 ﾠof	 ﾠoverpotential	 ﾠto	 ﾠachieve	 ﾠa	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠ
10mA	 ﾠcm–2,	 ﾠmaking	 ﾠit	 ﾠan	 ﾠorder	 ﾠof	 ﾠmagnitude	 ﾠbetter	 ﾠthan	 ﾠthe	 ﾠpreviously	 ﾠdeveloped	 ﾠ
Co–OEC’s	 ﾠgiven	 ﾠthe	 ﾠsame	 ﾠamount	 ﾠof	 ﾠmaterial.16	 ﾠFor	 ﾠthe	 ﾠHER–catalyst	 ﾠa	 ﾠNiMoZn	 ﾠalloy	 ﾠ
was	 ﾠused	 ﾠwhich	 ﾠhas	 ﾠbeen	 ﾠpreviously	 ﾠshown	 ﾠto	 ﾠachieve	 ﾠcurrent	 ﾠdensities	 ﾠof	 ﾠ700	 ﾠmA	 ﾠ
cm–2	 ﾠat	 ﾠ100	 ﾠmV	 ﾠoverpotential	 ﾠand,	 ﾠwith	 ﾠcontinued	 ﾠleaching	 ﾠin	 ﾠ6M	 ﾠKOH	 ﾠcan	 ﾠattain	 ﾠ
activities	 ﾠas	 ﾠhigh	 ﾠas	 ﾠat	 ﾠ1000	 ﾠmA	 ﾠcm–2	 ﾠat	 ﾠan	 ﾠoverpotential	 ﾠof	 ﾠ35	 ﾠmV.7,12,17	 ﾠGiven	 ﾠour	 ﾠ
modular	 ﾠapproach	 ﾠthe	 ﾠcurrent–voltage	 ﾠcharacteristics	 ﾠof	 ﾠout	 ﾠEC–component	 ﾠcan	 ﾠbe	 ﾠ
independently	 ﾠevaluated.	 ﾠ	 ﾠ
Considering	 ﾠa	 ﾠPV–EC	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠcommercially	 ﾠavailable	 ﾠsingle	 ﾠjunction–
Si	 ﾠsolar	 ﾠcells	 ﾠand	 ﾠliterature	 ﾠvalues	 ﾠfor	 ﾠthe	 ﾠpreviously	 ﾠreported	 ﾠTafel	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠ	 ﾠ 80	 ﾠ
catalysts	 ﾠutilized	 ﾠherein,	 ﾠequivalent–circuit	 ﾠmodeling	 ﾠpredicts	 ﾠa	 ﾠ10%	 ﾠor	 ﾠhigher	 ﾠSFE	 ﾠ
can	 ﾠbe	 ﾠachieved	 ﾠusing	 ﾠthree	 ﾠsingle–junction	 ﾠc–Si	 ﾠdevices	 ﾠseries	 ﾠconnected	 ﾠin	 ﾠa	 ﾠmini–
module	 ﾠwith	 ﾠa	 ﾠPV	 ﾠefficiency	 ﾠof	 ﾠ15%	 ﾠor	 ﾠhigher	 ﾠ(red	 ﾠdashed	 ﾠcurve	 ﾠFig.	 ﾠ4.3).	 ﾠHowever,	 ﾠ
this	 ﾠis	 ﾠonly	 ﾠthe	 ﾠcase	 ﾠif	 ﾠall	 ﾠresistive	 ﾠlosses	 ﾠare	 ﾠnegligible;	 ﾠif	 ﾠresistive	 ﾠlosses	 ﾠare	 ﾠ
present,	 ﾠthe	 ﾠoperating	 ﾠpoint	 ﾠcan	 ﾠoccur	 ﾠto	 ﾠthe	 ﾠright	 ﾠof	 ﾠVMPP,	 ﾠreducing	 ﾠJOP	 ﾠand	 ﾠSFE.	 ﾠ
Modeling	 ﾠindicates	 ﾠthat	 ﾠusing	 ﾠa	 ﾠ4–cell	 ﾠc–Si	 ﾠmodule	 ﾠovercomes	 ﾠthe	 ﾠimpact	 ﾠof	 ﾠresistive	 ﾠ
losses	 ﾠon	 ﾠSFE.15	 ﾠ
To	 ﾠtest	 ﾠthese	 ﾠpredictions,	 ﾠthe	 ﾠsteady–state	 ﾠcurrent–voltage	 ﾠcharacteristics	 ﾠof	 ﾠ
the	 ﾠNiBi	 ﾠanode	 ﾠand	 ﾠNiMoZn	 ﾠcathode	 ﾠwere	 ﾠmeasured	 ﾠin	 ﾠa	 ﾠtwo–electrode	 ﾠsetup	 ﾠin	 ﾠKBi	 ﾠ
buffer	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThe	 ﾠintersection	 ﾠat	 ﾠwhich	 ﾠthe	 ﾠoverlaid	 ﾠcurrent–voltage	 ﾠ
characteristics	 ﾠof	 ﾠthe	 ﾠhalf–reactions	 ﾠwith	 ﾠthe	 ﾠJ–V	 ﾠcurve	 ﾠof	 ﾠthe	 ﾠPV	 ﾠmini–modules	 ﾠ
illustrates	 ﾠJOP	 ﾠand	 ﾠthe	 ﾠresulting	 ﾠSFE	 ﾠfor	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠdevice.	 ﾠConfirming	 ﾠthe	 ﾠ
design	 ﾠconsiderations	 ﾠfor	 ﾠresistive	 ﾠlosses,	 ﾠwe	 ﾠestimate	 ﾠa	 ﾠSFE	 ﾠof	 ﾠ2.8%	 ﾠfor	 ﾠa	 ﾠ3–cell	 ﾠ
module	 ﾠand	 ﾠ10%	 ﾠfor	 ﾠa	 ﾠ4–cell	 ﾠmodule	 ﾠ(Fig.4.3).	 ﾠ	 ﾠ
	 ﾠ
4.2.1	 ﾠDevice	 ﾠintegration	 ﾠ	 ﾠ
The	 ﾠsimplest	 ﾠway	 ﾠto	 ﾠintegrate	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠand	 ﾠverify	 ﾠthe	 ﾠ
independently	 ﾠestimated	 ﾠSFE	 ﾠis	 ﾠto	 ﾠconnect	 ﾠthe	 ﾠPV	 ﾠmodule	 ﾠwith	 ﾠthe	 ﾠNiBi	 ﾠanode	 ﾠand	 ﾠ
NiMoZn	 ﾠcathode.	 ﾠThe	 ﾠphotocurrent	 ﾠthrough	 ﾠthe	 ﾠintegrated	 ﾠdevice	 ﾠcan	 ﾠbe	 ﾠmeasured	 ﾠ
and	 ﾠshould	 ﾠmatch	 ﾠthe	 ﾠpredicted	 ﾠJOP	 ﾠobtained	 ﾠin	 ﾠFig.	 ﾠ4.3.	 ﾠThe	 ﾠkey	 ﾠcriteria	 ﾠused	 ﾠto	 ﾠ
validate	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠare	 ﾠthe	 ﾠreporting	 ﾠprotocols	 ﾠestablished	 ﾠby	 ﾠChen	 ﾠet	 ﾠal.18	 ﾠ
These	 ﾠprotocols	 ﾠinclude	 ﾠmeasurements	 ﾠutilizing	 ﾠa	 ﾠ2–electrode	 ﾠsetup	 ﾠwithout	 ﾠthe	 ﾠ
influence	 ﾠof	 ﾠan	 ﾠpotential	 ﾠbias,	 ﾠproduct	 ﾠquantification	 ﾠ(i.e.	 ﾠH2	 ﾠand	 ﾠO2),	 ﾠand	 ﾠassessment	 ﾠ	 ﾠ 81	 ﾠ
of	 ﾠthe	 ﾠlong–term	 ﾠstability	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠunder	 ﾠAM	 ﾠ1.5	 ﾠillumination.	 ﾠIn	 ﾠaddition	 ﾠto	 ﾠ
product	 ﾠquantification,	 ﾠwe	 ﾠwished	 ﾠto	 ﾠensure	 ﾠthat	 ﾠparasitic	 ﾠcurrents	 ﾠdue	 ﾠto	 ﾠproduct	 ﾠ
crossover	 ﾠreactions	 ﾠdo	 ﾠnot	 ﾠinfluence	 ﾠJOP.	 ﾠThe	 ﾠimpact	 ﾠon	 ﾠthe	 ﾠSFE	 ﾠdue	 ﾠto	 ﾠH2	 ﾠoxidation	 ﾠ
can	 ﾠbe	 ﾠestimated	 ﾠby	 ﾠexamining	 ﾠthe	 ﾠmass–transport	 ﾠlimited	 ﾠcurrent	 ﾠdensity,	 ﾠwhich	 ﾠis	 ﾠ
given	 ﾠby:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 𝐽  =
𝑛𝐹𝐷𝑐 
𝗿
	 ﾠ (4.2)	 ﾠ
	 ﾠ
where,	 ﾠn	 ﾠis	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠelectrons,	 ﾠF	 ﾠis	 ﾠFaraday’s	 ﾠconstant,	 ﾠcb	 ﾠis	 ﾠthe	 ﾠbulk	 ﾠ
concentration	 ﾠof	 ﾠspecies	 ﾠin	 ﾠsolution,	 ﾠD	 ﾠis	 ﾠthe	 ﾠdiffusion	 ﾠcoefficient	 ﾠ(5.11	 ﾠ×	 ﾠ10–5	 ﾠcm2	 ﾠs–1	 ﾠ
for	 ﾠH2	 ﾠin	 ﾠwater),	 ﾠand	 ﾠδ	 ﾠis	 ﾠthe	 ﾠNernst	 ﾠdiffusion	 ﾠlayer	 ﾠthickness.	 ﾠ	 ﾠAssuming	 ﾠH2	 ﾠ
saturation	 ﾠin	 ﾠwater	 ﾠcb	 ﾠ=	 ﾠ7.8	 ﾠ×	 ﾠ10–7	 ﾠmol	 ﾠcm–3,	 ﾠand	 ﾠa	 ﾠreasonable	 ﾠvalue	 ﾠfor	 ﾠδ	 ﾠ(given	 ﾠa	 ﾠ
planar	 ﾠelectrode	 ﾠwith	 ﾠno	 ﾠartificially	 ﾠimposed	 ﾠconvection)	 ﾠis	 ﾠaround	 ﾠ0.05	 ﾠcm19	 ﾠthis	 ﾠ
estimates	 ﾠthat	 ﾠa	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠ8.13	 ﾠmA	 ﾠcm–2	 ﾠ(10%	 ﾠSFE)	 ﾠwould	 ﾠhave	 ﾠa	 ﾠparasitic	 ﾠ
current	 ﾠof	 ﾠ0.15	 ﾠmA	 ﾠcm–2	 ﾠ(reducing	 ﾠ10.0%	 ﾠSFE	 ﾠto	 ﾠ9.8%	 ﾠSFE).	 ﾠHowever,	 ﾠthe	 ﾠNiBi	 ﾠis	 ﾠa	 ﾠ
specific	 ﾠOER	 ﾠcatalyst	 ﾠand	 ﾠFig.	 ﾠ4.4	 ﾠshows	 ﾠthat	 ﾠthe	 ﾠsteady–state	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠthe	 ﾠ
catalyst	 ﾠunder	 ﾠAr	 ﾠand	 ﾠH2	 ﾠis	 ﾠidentical,	 ﾠindicating	 ﾠthat	 ﾠthis	 ﾠcrossover	 ﾠreaction	 ﾠis	 ﾠ
negligible.	 ﾠ	 ﾠ	 ﾠ 82	 ﾠ
	 ﾠ
Fig.	 ﾠ4.5	 ﾠshows	 ﾠthe	 ﾠmeasured	 ﾠJOP	 ﾠof	 ﾠthe	 ﾠPV–EC	 ﾠdevice,	 ﾠwhich	 ﾠinitially	 ﾠstarts	 ﾠat	 ﾠ
8.35	 ﾠmA	 ﾠcm–2	 ﾠcorresponding	 ﾠto	 ﾠan	 ﾠSFE	 ﾠof	 ﾠ10.2%.	 ﾠDuring	 ﾠthe	 ﾠfirst	 ﾠfew	 ﾠmin	 ﾠof	 ﾠ
illumination	 ﾠJOP	 ﾠdecreases	 ﾠto	 ﾠa	 ﾠsteady–state	 ﾠvalue	 ﾠof	 ﾠ7.8	 ﾠmA	 ﾠcm–2.	 ﾠThe	 ﾠinitial	 ﾠdecline	 ﾠ
in	 ﾠJOP	 ﾠis	 ﾠconsistent	 ﾠwith	 ﾠheating	 ﾠof	 ﾠthe	 ﾠPV–module	 ﾠunder	 ﾠillumination	 ﾠcausing	 ﾠa	 ﾠ
decrease	 ﾠin	 ﾠsolar	 ﾠcell	 ﾠvoltage,	 ﾠwhich	 ﾠshifts	 ﾠthe	 ﾠmaximum	 ﾠpower	 ﾠpoint	 ﾠtoward	 ﾠthe	 ﾠ
origin.	 ﾠ
	 ﾠ
Figure	 ﾠ4.4.	 ﾠSteady-ﾭ‐state	 ﾠcurrent	 ﾠvoltage	 ﾠbehavior	 ﾠfor	 ﾠthe	 ﾠNiBi	 ﾠoperating	 ﾠin	 ﾠ0.5M	 ﾠKBi	 ﾠ
/	 ﾠ0.5	 ﾠM	 ﾠK2SO4	 ﾠpH	 ﾠ9.2	 ﾠin	 ﾠH2	 ﾠsaturated	 ﾠsolution	 ﾠ(●)	 ﾠand	 ﾠin	 ﾠAr	 ﾠsaturated	 ﾠsolution	 ﾠ(▲).	 ﾠ
Since	 ﾠthe	 ﾠvoltage	 ﾠrequired	 ﾠto	 ﾠachieve	 ﾠa	 ﾠgiven	 ﾠcurrent	 ﾠdensity	 ﾠunder	 ﾠboth	 ﾠconditions	 ﾠ
is	 ﾠalmost	 ﾠidentical	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠcontribution	 ﾠof	 ﾠH2	 ﾠoxidation	 ﾠat	 ﾠthe	 ﾠanode	 ﾠis	 ﾠ
negligible.	 ﾠ	 ﾠ	 ﾠ 83	 ﾠ
This	 ﾠis	 ﾠconfirmed	 ﾠby	 ﾠmeasuring	 ﾠthe	 ﾠVOC	 ﾠof	 ﾠthe	 ﾠmini–module	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠtime	 ﾠ
showing	 ﾠ~130	 ﾠmV	 ﾠdecrease	 ﾠwhich	 ﾠis	 ﾠconsistent	 ﾠin	 ﾠa	 ﾠtemperature	 ﾠchange	 ﾠof	 ﾠ15	 ﾠ°C	 ﾠ	 ﾠ
(Fig.	 ﾠ4.6).20	 ﾠIn	 ﾠline	 ﾠwith	 ﾠPV	 ﾠmodule	 ﾠheating,	 ﾠturning	 ﾠthe	 ﾠlamp	 ﾠoff	 ﾠfor	 ﾠ5	 ﾠmin	 ﾠand	 ﾠthen	 ﾠ
turning	 ﾠit	 ﾠback	 ﾠon	 ﾠcauses	 ﾠthe	 ﾠSFE	 ﾠto	 ﾠrecover	 ﾠto	 ﾠ10.2%	 ﾠ(Fig.	 ﾠ4.6).	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ 4.5	 ﾠ Current	 ﾠ under	 ﾠ chopped	 ﾠ illumination	 ﾠ representing	 ﾠ JOP	 ﾠ for	 ﾠ the	 ﾠ PV–EC	 ﾠ
device	 ﾠin	 ﾠ0.5M	 ﾠKBi	 ﾠ/	 ﾠ0.5M	 ﾠK2SO4	 ﾠ pH9.2.	 ﾠThe	 ﾠchopped	 ﾠillumination	 ﾠillustrates	 ﾠthe	 ﾠ
recovery	 ﾠin	 ﾠSFE	 ﾠand	 ﾠreproducibility	 ﾠin	 ﾠmeasuring	 ﾠJOP	 ﾠthrough	 ﾠthe	 ﾠPV-ﾭ‐EC	 ﾠdevice	 ﾠ	 ﾠ	 ﾠ 84	 ﾠ
4.3	 ﾠDiscussion	 ﾠ	 ﾠ
The	 ﾠlargest	 ﾠefficiency	 ﾠlosses	 ﾠfor	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠresult	 ﾠfrom	 ﾠseries	 ﾠ
resistance	 ﾠthrough	 ﾠthe	 ﾠelectrodes	 ﾠ(REL)	 ﾠand	 ﾠsolution	 ﾠresistance	 ﾠ(RSOL).	 ﾠThe	 ﾠformer	 ﾠis	 ﾠ
straightforward	 ﾠto	 ﾠaddress	 ﾠby	 ﾠusing	 ﾠmetal	 ﾠelectrodes	 ﾠas	 ﾠsubstrates	 ﾠfor	 ﾠthe	 ﾠOER	 ﾠand	 ﾠ
HER	 ﾠcatalysts.	 ﾠPresumably	 ﾠthe	 ﾠuse	 ﾠof	 ﾠmetallic	 ﾠsubstrates	 ﾠmakes	 ﾠresistance	 ﾠthrough	 ﾠ
the	 ﾠelectrodes	 ﾠas	 ﾠwell	 ﾠas	 ﾠcontact	 ﾠresistance	 ﾠnegligible.	 ﾠSolution	 ﾠresistance	 ﾠin	 ﾠ
buffered	 ﾠelectrolytes,	 ﾠas	 ﾠopposed	 ﾠto	 ﾠstrong	 ﾠacids	 ﾠor	 ﾠbases,	 ﾠremains	 ﾠa	 ﾠchallenge.	 ﾠThe	 ﾠ
primary	 ﾠreason	 ﾠfor	 ﾠa	 ﾠless	 ﾠthan	 ﾠoptimal	 ﾠRSOL	 ﾠis	 ﾠthe	 ﾠlimited	 ﾠsolubility	 ﾠof	 ﾠthe	 ﾠbuffer.21	 ﾠIn	 ﾠ
the	 ﾠcase	 ﾠof	 ﾠborate	 ﾠbuffer	 ﾠthis	 ﾠis	 ﾠthe	 ﾠsolubility	 ﾠlimit	 ﾠof	 ﾠboric	 ﾠacid,	 ﾠwhich	 ﾠis	 ﾠaround	 ﾠ1	 ﾠM	 ﾠ
	 ﾠ
Figure	 ﾠ4.6	 ﾠDecay	 ﾠof	 ﾠthe	 ﾠopen–circuit	 ﾠvoltage	 ﾠof	 ﾠthe	 ﾠ4–cell	 ﾠPV	 ﾠmini–module	 ﾠover	 ﾠthe	 ﾠ
course	 ﾠof	 ﾠ~15	 ﾠmin.	 ﾠThe	 ﾠinitial	 ﾠVOC	 ﾠat	 ﾠ2.42	 ﾠV	 ﾠdecays	 ﾠto	 ﾠa	 ﾠsteady–state	 ﾠof	 ﾠ2.27	 ﾠV	 ﾠafter	 ﾠ
the	 ﾠfirst	 ﾠ10	 ﾠmin	 ﾠ(▬▬,	 ﾠorange),	 ﾠwhich	 ﾠcontributes	 ﾠto	 ﾠthe	 ﾠinitial	 ﾠdecline	 ﾠin	 ﾠthe	 ﾠSFE	 ﾠof	 ﾠ
the	 ﾠ coupled	 ﾠ PV–EC	 ﾠ device.	 ﾠ After	 ﾠ overnight	 ﾠ illumination,	 ﾠ the	 ﾠ Voc	 ﾠ was	 ﾠ measured	 ﾠ
(▬▬,	 ﾠblue)	 ﾠand	 ﾠshows	 ﾠa	 ﾠslight	 ﾠrecovery	 ﾠto	 ﾠ2.31	 ﾠV,	 ﾠwhich	 ﾠcorresponds	 ﾠto	 ﾠthe	 ﾠinitial	 ﾠ
increase	 ﾠin	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠduring	 ﾠthe	 ﾠfirst	 ﾠ24	 ﾠh.	 ﾠ	 ﾠ	 ﾠ 85	 ﾠ
corresponding	 ﾠto	 ﾠa	 ﾠspecific	 ﾠconductance	 ﾠof	 ﾠ26	 ﾠmS	 ﾠcm–1.	 ﾠThe	 ﾠspecific	 ﾠconductivity	 ﾠcan	 ﾠ
be	 ﾠimproved	 ﾠby	 ﾠadding	 ﾠan	 ﾠinert	 ﾠsalt	 ﾠas	 ﾠa	 ﾠsupporting	 ﾠelectrolyte	 ﾠ(Fig.	 ﾠ4.7).	 ﾠFor	 ﾠ
example,	 ﾠwhen	 ﾠutilizing	 ﾠKNO3,	 ﾠthe	 ﾠspecific	 ﾠconductance	 ﾠof	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠ1.5	 ﾠM	 ﾠKNO3	 ﾠis	 ﾠ
126	 ﾠmS	 ﾠcm–1.	 ﾠ
	 ﾠ
The	 ﾠ choice	 ﾠ or	 ﾠ supporting	 ﾠ electrolyte	 ﾠ is	 ﾠ straightforward	 ﾠ in	 ﾠ typical	 ﾠ
electrochemical	 ﾠexperiments	 ﾠwhere	 ﾠonly	 ﾠone	 ﾠhalf–reaction	 ﾠat	 ﾠeither	 ﾠthe	 ﾠanode	 ﾠor	 ﾠ
cathode	 ﾠ is	 ﾠ of	 ﾠ interest.	 ﾠ When	 ﾠ considering	 ﾠ deleterious	 ﾠ side–reactions	 ﾠ for	 ﾠ both	 ﾠ the	 ﾠ
anode	 ﾠand	 ﾠcathode,	 ﾠthe	 ﾠsupporting	 ﾠelectrolyte	 ﾠmust	 ﾠbe	 ﾠinert	 ﾠover	 ﾠa	 ﾠwider	 ﾠpotential	 ﾠ
range.	 ﾠ Given	 ﾠ our	 ﾠ modular	 ﾠ approach,	 ﾠ the	 ﾠ choice	 ﾠ of	 ﾠ supporting	 ﾠ electrolyte	 ﾠ was	 ﾠ
determined	 ﾠ by	 ﾠ measuring	 ﾠ the	 ﾠ Faradaic	 ﾠ efficiency	 ﾠ for	 ﾠ each	 ﾠ electrode/electrolyte	 ﾠ
	 ﾠ
Figure	 ﾠ4.7	 ﾠSpecific	 ﾠconductance	 ﾠmeasurements	 ﾠfor	 ﾠvarious	 ﾠelectrolytes	 ﾠconsidered	 ﾠ
to	 ﾠminimize	 ﾠRSOL.	 ﾠKOH	 ﾠ(∎,	 ﾠred	 ﾠsquares)	 ﾠis	 ﾠthe	 ﾠmost	 ﾠconductive	 ﾠelectrolyte;	 ﾠin	 ﾠorder	 ﾠ
to	 ﾠoperate	 ﾠin	 ﾠpH	 ﾠnear	 ﾠneutral	 ﾠregimes	 ﾠ0.5M	 ﾠKBi	 ﾠwas	 ﾠused	 ﾠwith	 ﾠadditional	 ﾠsupporting	 ﾠ
electrolyte,	 ﾠsuch	 ﾠas	 ﾠKNO3	 ﾠ(●,	 ﾠgreen	 ﾠcircles)	 ﾠor	 ﾠK2SO4	 ﾠ(●,	 ﾠblack	 ﾠcircles).	 ﾠ	 ﾠ	 ﾠ 86	 ﾠ
configuration	 ﾠindependently	 ﾠbefore	 ﾠbeing	 ﾠimplemented	 ﾠinto	 ﾠthe	 ﾠPV–EC	 ﾠdevice.	 ﾠFor	 ﾠ
example,	 ﾠFig.	 ﾠ4.8	 ﾠshows	 ﾠwhen	 ﾠoperating	 ﾠthe	 ﾠNiMoZn	 ﾠcathode	 ﾠfor	 ﾠHER	 ﾠat	 ﾠcurrent	 ﾠ
densities	 ﾠof	 ﾠ10	 ﾠmA	 ﾠcm–2	 ﾠanalysis	 ﾠof	 ﾠhydrogen	 ﾠvia	 ﾠgas	 ﾠchromatography	 ﾠ(GC)	 ﾠanalysis	 ﾠ
showed	 ﾠno	 ﾠhydrogen	 ﾠproduction	 ﾠindicating	 ﾠthat	 ﾠNO3–	 ﾠis	 ﾠpreferentially	 ﾠreduced	 ﾠas	 ﾠ
opposed	 ﾠto	 ﾠprotons.	 ﾠ
	 ﾠ
	 ﾠ
Alternatively,	 ﾠusing	 ﾠK2SO4	 ﾠas	 ﾠa	 ﾠsupporting	 ﾠelectrolyte	 ﾠresults	 ﾠin	 ﾠa	 ﾠFaradaic	 ﾠ
efficiency	 ﾠof	 ﾠ100%.	 ﾠFig	 ﾠ4.9	 ﾠshows	 ﾠthat	 ﾠthe	 ﾠNiBi	 ﾠanode	 ﾠoperating	 ﾠin	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠK2SO4	 ﾠ
	 ﾠ
Figure	 ﾠ4.8	 ﾠGas	 ﾠquantification	 ﾠfor	 ﾠNiMoZn	 ﾠcathode	 ﾠoperating	 ﾠin	 ﾠ(left)	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠ
K2SO4	 ﾠand	 ﾠ(right)	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠKNO3	 ﾠboth	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThe	 ﾠblack	 ﾠline	 ﾠrepresents	 ﾠ100%	 ﾠ
Faradaic	 ﾠefficiency	 ﾠbased	 ﾠon	 ﾠthe	 ﾠcharge	 ﾠpasses	 ﾠduring	 ﾠelectrolysis.	 ﾠThe	 ﾠgreen	 ﾠcircles	 ﾠ
represent	 ﾠ H2	 ﾠ measured	 ﾠ by	 ﾠ gas	 ﾠ chromatography.	 ﾠ The	 ﾠ red	 ﾠ arrow	 ﾠ indicates	 ﾠ when	 ﾠ
electrolysis	 ﾠ was	 ﾠ stopped.	 ﾠ GC	 ﾠ analysis	 ﾠ was	 ﾠ conducted	 ﾠ until	 ﾠ the	 ﾠ moles	 ﾠ of	 ﾠ gas	 ﾠ
measured	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠreached	 ﾠa	 ﾠsteady–state.	 ﾠThe	 ﾠlag	 ﾠperiod	 ﾠ(▬▬,	 ﾠblack)	 ﾠin	 ﾠ
gas	 ﾠgeneration	 ﾠis	 ﾠdue	 ﾠto	 ﾠthe	 ﾠbuildup	 ﾠof	 ﾠgases	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠof	 ﾠthe	 ﾠEC	 ﾠcell.	 ﾠ	 ﾠ 87	 ﾠ
(pH	 ﾠ9.2)	 ﾠalso	 ﾠdemonstrates	 ﾠa	 ﾠ100%	 ﾠFaradaic	 ﾠefficiency.	 ﾠ
	 ﾠ
Although	 ﾠthe	 ﾠfollowing	 ﾠgas	 ﾠquantification	 ﾠmeasurements	 ﾠindicate	 ﾠthat	 ﾠ0.5	 ﾠM	 ﾠ
KBi	 ﾠ/	 ﾠ0.5	 ﾠM	 ﾠK2SO4	 ﾠsolution	 ﾠis	 ﾠa	 ﾠreasonable	 ﾠchoice,	 ﾠK2SO4	 ﾠis	 ﾠsparingly	 ﾠsoluble	 ﾠat	 ﾠ0.5	 ﾠM,	 ﾠ
once	 ﾠagain	 ﾠlimiting	 ﾠthe	 ﾠspecific	 ﾠconductivity	 ﾠof	 ﾠour	 ﾠelectrolyte	 ﾠto	 ﾠ90	 ﾠmS	 ﾠcm–1	 ﾠ(Fig.	 ﾠ
4.7).	 ﾠ
	 ﾠ
Figure	 ﾠ4.9	 ﾠGas	 ﾠquantification	 ﾠfor	 ﾠNiBi	 ﾠcathode	 ﾠoperating	 ﾠin	 ﾠ(left)	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠK2SO4	 ﾠ
and	 ﾠ at	 ﾠ pH	 ﾠ 9.2.	 ﾠ The	 ﾠblack	 ﾠline	 ﾠrepresents	 ﾠ100%	 ﾠFaradaic	 ﾠefficiency	 ﾠbased	 ﾠon	 ﾠthe	 ﾠ
charge	 ﾠpasses	 ﾠduring	 ﾠelectrolysis.	 ﾠThe	 ﾠgreen	 ﾠcircles	 ﾠrepresent	 ﾠO2	 ﾠmeasured	 ﾠby	 ﾠgas	 ﾠ
chromatography.	 ﾠ The	 ﾠ red	 ﾠ arrow	 ﾠ indicates	 ﾠ when	 ﾠ electrolysis	 ﾠ was	 ﾠ stopped.	 ﾠ GC	 ﾠ
analysis	 ﾠwas	 ﾠconducted	 ﾠuntil	 ﾠthe	 ﾠmoles	 ﾠof	 ﾠgas	 ﾠmeasured	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠreached	 ﾠa	 ﾠ
steady–state.	 ﾠThe	 ﾠlag	 ﾠperiod	 ﾠ(▬▬,	 ﾠblack)	 ﾠin	 ﾠgas	 ﾠgeneration	 ﾠis	 ﾠdue	 ﾠto	 ﾠthe	 ﾠbuildup	 ﾠof	 ﾠ
gases	 ﾠin	 ﾠthe	 ﾠheadspace	 ﾠof	 ﾠthe	 ﾠEC	 ﾠcell.	 ﾠ
	 ﾠ	 ﾠ 88	 ﾠ
	 ﾠ By	 ﾠmoving	 ﾠto	 ﾠa	 ﾠmore	 ﾠconductive	 ﾠelectrolyte,	 ﾠsuch	 ﾠas	 ﾠ1	 ﾠM	 ﾠKOH	 ﾠ(pH	 ﾠ14),	 ﾠa	 ﾠ12%	 ﾠ
SFE	 ﾠcan	 ﾠbe	 ﾠobtained	 ﾠwith	 ﾠa	 ﾠ3–cell	 ﾠmini–module	 ﾠas	 ﾠopposed	 ﾠto	 ﾠa	 ﾠ4–cell	 ﾠmodule	 ﾠ(Fig.	 ﾠ
4.10).	 ﾠThis	 ﾠalso	 ﾠshows	 ﾠhow	 ﾠminimizing	 ﾠRSOL	 ﾠshifts	 ﾠthe	 ﾠEC	 ﾠcurve	 ﾠcloser	 ﾠthe	 ﾠideal	 ﾠcurve	 ﾠ
obtained	 ﾠbased	 ﾠon	 ﾠthe	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠthe	 ﾠcatalysts	 ﾠused	 ﾠherein	 ﾠ(Fig.	 ﾠ4.11).	 ﾠ
However,	 ﾠit	 ﾠis	 ﾠpreferential	 ﾠto	 ﾠavoid	 ﾠthe	 ﾠdeleterious	 ﾠeffect	 ﾠof	 ﾠconcentrated	 ﾠbase	 ﾠon	 ﾠPV	 ﾠ
materials	 ﾠby	 ﾠmaintaining	 ﾠneutral	 ﾠand	 ﾠnear–neutral	 ﾠconditions.	 ﾠWe	 ﾠthus	 ﾠprefer	 ﾠto	 ﾠ
minimize	 ﾠRSOL	 ﾠby	 ﾠutilizing	 ﾠa	 ﾠflow–cell	 ﾠdesign	 ﾠand	 ﾠoptimized	 ﾠcell	 ﾠgeometry.22–24	 ﾠ
	 ﾠ
Figure	 ﾠ 4.10	 ﾠ Current	 ﾠ under	 ﾠ chopped	 ﾠ illumination	 ﾠ representing	 ﾠ JOP	 ﾠ for	 ﾠ a	 ﾠ PV–EC	 ﾠ
device	 ﾠ composed	 ﾠ of	 ﾠ a	 ﾠ 3–cell	 ﾠ PV–module,	 ﾠ a	 ﾠ NiBi	 ﾠ anode,	 ﾠ and	 ﾠ NiMoZn	 ﾠ cathode	 ﾠ
operating	 ﾠ in	 ﾠ 1M	 ﾠ KOH.	 ﾠ Because	 ﾠ KOH	 ﾠ is	 ﾠ a	 ﾠ more	 ﾠ conductive	 ﾠ electrolyte,	 ﾠ a	 ﾠ 12%	 ﾠ or	 ﾠ
greater	 ﾠSFE	 ﾠcan	 ﾠbe	 ﾠobtain	 ﾠwith	 ﾠa	 ﾠ3–cell	 ﾠPV	 ﾠmodule	 ﾠas	 ﾠopposed	 ﾠto	 ﾠa	 ﾠ4–cell	 ﾠmodule.	 ﾠ
The	 ﾠinitial	 ﾠdrop	 ﾠin	 ﾠSFE	 ﾠis	 ﾠdue	 ﾠto	 ﾠthe	 ﾠdecrease	 ﾠin	 ﾠPV	 ﾠefficiency,	 ﾠdue	 ﾠto	 ﾠheating	 ﾠof	 ﾠthe	 ﾠ
PV–module.	 ﾠThe	 ﾠchopped	 ﾠillumination	 ﾠrepresents	 ﾠthe	 ﾠrecovery	 ﾠin	 ﾠSFE.	 ﾠ	 ﾠ	 ﾠ 89	 ﾠ
	 ﾠ The	 ﾠoperational	 ﾠstability	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠPV–EC	 ﾠsystem	 ﾠshowed	 ﾠno	 ﾠdecline	 ﾠin	 ﾠ
JOP	 ﾠfor	 ﾠover	 ﾠa	 ﾠweek	 ﾠof	 ﾠoperation	 ﾠin	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠpH	 ﾠ9.2	 ﾠsolution	 ﾠ(Fig.	 ﾠ4.12).	 ﾠ
Interestingly,	 ﾠthe	 ﾠSFE,	 ﾠinferred	 ﾠfrom	 ﾠthe	 ﾠcurrent,	 ﾠappears	 ﾠto	 ﾠslightly	 ﾠincrease	 ﾠduring	 ﾠ
the	 ﾠfirst	 ﾠ24	 ﾠh	 ﾠof	 ﾠoperation.	 ﾠThis	 ﾠsmall	 ﾠrecovery	 ﾠis	 ﾠattributed	 ﾠto	 ﾠa	 ﾠrecovery	 ﾠcell	 ﾠ
voltage	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠ24	 ﾠh	 ﾠof	 ﾠillumination	 ﾠ(blue	 ﾠline	 ﾠin	 ﾠFig.	 ﾠ4.6).	 ﾠInitially,	 ﾠthe	 ﾠ
module	 ﾠabsorbs	 ﾠheat	 ﾠfrom	 ﾠthe	 ﾠsolar	 ﾠsimulator	 ﾠphoton	 ﾠflux,	 ﾠcausing	 ﾠthe	 ﾠinitial	 ﾠ
decrease	 ﾠin	 ﾠPV	 ﾠefficiency.20	 ﾠThen,	 ﾠunder	 ﾠconstant	 ﾠillumination	 ﾠat	 ﾠhigher	 ﾠ
temperatures,	 ﾠthe	 ﾠobservation	 ﾠof	 ﾠa	 ﾠgradual	 ﾠimprovement	 ﾠin	 ﾠthe	 ﾠcurrent	 ﾠdensity	 ﾠover	 ﾠ
	 ﾠ
Figure	 ﾠ4.11	 ﾠJ–V	 ﾠcurves	 ﾠof	 ﾠthe	 ﾠindividually	 ﾠmeasure	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠmaking	 ﾠ
up	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠoperating	 ﾠin	 ﾠ1M	 ﾠKOH.	 ﾠThe	 ﾠgrey	 ﾠcurves	 ﾠrepresent	 ﾠthe	 ﾠJ–V	 ﾠcurves	 ﾠ
for	 ﾠthe	 ﾠPV	 ﾠmodules	 ﾠcomposed	 ﾠof	 ﾠeither	 ﾠthree	 ﾠ(–––––,	 ﾠgrey–dashed)	 ﾠor	 ﾠfour	 ﾠ(▬▬,	 ﾠ
grey–solid)	 ﾠsingle–junction	 ﾠc–Si	 ﾠsolar	 ﾠcells	 ﾠmeasure	 ﾠunder	 ﾠAM	 ﾠ1.5	 ﾠillumination.	 ﾠThe	 ﾠ
blue	 ﾠ curves	 ﾠ represent	 ﾠ electrochemical	 ﾠ load	 ﾠ J–V	 ﾠ curves	 ﾠ using	 ﾠ NiBi	 ﾠ and	 ﾠ NiMoZn	 ﾠ
catalysts,	 ﾠ where	 ﾠ the	 ﾠ ideal	 ﾠ EC	 ﾠ curve	 ﾠ (–––––,	 ﾠ blue–dashed)	 ﾠis	 ﾠbased	 ﾠon	 ﾠpreviously	 ﾠ
reported	 ﾠTafel	 ﾠanalysis	 ﾠand	 ﾠthe	 ﾠactual	 ﾠEC	 ﾠcurve	 ﾠ(▬▬,	 ﾠblue–solid)	 ﾠmeasured	 ﾠin	 ﾠa	 ﾠ2–
electrode	 ﾠexperiment.	 ﾠThe	 ﾠpoint	 ﾠof	 ﾠintersection	 ﾠrepresents	 ﾠthe	 ﾠJOP	 ﾠ(●,	 ﾠorange	 ﾠcircles)	 ﾠ
and	 ﾠthe	 ﾠSFE	 ﾠof	 ﾠthe	 ﾠcoupled	 ﾠsystem.	 ﾠ	 ﾠ	 ﾠ 90	 ﾠ
a	 ﾠtimescale	 ﾠof	 ﾠtens	 ﾠof	 ﾠhours	 ﾠis	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠevolution	 ﾠof	 ﾠthe	 ﾠ“oxygen–boron	 ﾠ
defect”	 ﾠa	 ﾠwell–	 ﾠstudied	 ﾠphenomenon	 ﾠin	 ﾠp–type	 ﾠCzochralski	 ﾠsilicon.25,26	 ﾠImportantly,	 ﾠ
the	 ﾠobserved	 ﾠfluctuations	 ﾠin	 ﾠJOP	 ﾠcan	 ﾠbe	 ﾠattributed	 ﾠto	 ﾠfluctuations	 ﾠin	 ﾠthe	 ﾠPV	 ﾠmodule	 ﾠ
output	 ﾠand	 ﾠare	 ﾠnot	 ﾠrelated	 ﾠto	 ﾠthe	 ﾠPV–EC	 ﾠcoupling	 ﾠor	 ﾠEC	 ﾠreactions.
	 ﾠ
4.4	 ﾠConclusion	 ﾠ
We	 ﾠdemonstrate	 ﾠthat	 ﾠan	 ﾠSFE	 ﾠefficiency	 ﾠof	 ﾠ10%	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠutilizing	 ﾠnon–
precious	 ﾠmaterials	 ﾠand	 ﾠc–Si.	 ﾠThis	 ﾠproof	 ﾠof	 ﾠconcept	 ﾠcapitalizes	 ﾠon	 ﾠthe	 ﾠdeclining	 ﾠcost	 ﾠof	 ﾠ
high–quality	 ﾠPV	 ﾠdevices	 ﾠand	 ﾠearth–abundant	 ﾠcatalysts	 ﾠoperating	 ﾠunder	 ﾠnear	 ﾠneutral	 ﾠ
pH	 ﾠconditions.	 ﾠThis	 ﾠmodular	 ﾠdesign	 ﾠof	 ﾠthe	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠallows	 ﾠfor	 ﾠa	 ﾠwide	 ﾠ
	 ﾠ
Figure	 ﾠ4.12	 ﾠSFE	 ﾠinferred	 ﾠfrom	 ﾠJOP	 ﾠfor	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠoperating	 ﾠin	 ﾠ0.5M	 ﾠKBi	 ﾠ/	 ﾠ0.5M	 ﾠ
K2SO4	 ﾠpH	 ﾠ9.2	 ﾠmeasured	 ﾠfor	 ﾠover	 ﾠ7	 ﾠdays	 ﾠof	 ﾠoperation	 ﾠshowing	 ﾠno	 ﾠdecrease	 ﾠin	 ﾠSFE	 ﾠ
over	 ﾠ operation	 ﾠ time.	 ﾠ Spikes	 ﾠ are	 ﾠ due	 ﾠ to	 ﾠ the	 ﾠ addition	 ﾠ of	 ﾠ solution	 ﾠ to	 ﾠ maintain	 ﾠ the	 ﾠ
solution	 ﾠlevel	 ﾠand	 ﾠpH.	 ﾠ	 ﾠ	 ﾠ 91	 ﾠ
variety	 ﾠor	 ﾠPV	 ﾠopposed	 ﾠmaterials,	 ﾠcatalysts,	 ﾠand	 ﾠelectrolytes	 ﾠto	 ﾠbe	 ﾠimplemented	 ﾠ
where	 ﾠno	 ﾠone	 ﾠcomponent	 ﾠis	 ﾠconstrained	 ﾠby	 ﾠthe	 ﾠother.	 ﾠThis	 ﾠmethodology	 ﾠpermits	 ﾠ
facile	 ﾠoptimization	 ﾠand	 ﾠcharacterization.	 ﾠAs	 ﾠPV–EC	 ﾠdevice	 ﾠsub–components	 ﾠreach	 ﾠ
technological	 ﾠmaturity,	 ﾠan	 ﾠincreasing	 ﾠemphasis	 ﾠwill	 ﾠbe	 ﾠplaced	 ﾠon	 ﾠsystem	 ﾠdesign	 ﾠand	 ﾠ
integration.	 ﾠ
	 ﾠ
4.5	 ﾠExperimental	 ﾠ
Materials	 ﾠand	 ﾠMethods.	 ﾠNickel	 ﾠ(II)	 ﾠchloride	 ﾠhexahydrate,	 ﾠboric	 ﾠacid,	 ﾠ
potassium	 ﾠhydroxide,	 ﾠpotassium	 ﾠnitrate,	 ﾠpotassium	 ﾠsulfate	 ﾠwere	 ﾠpurchased	 ﾠfrom	 ﾠ
Sigma	 ﾠAldrich	 ﾠand	 ﾠused	 ﾠas	 ﾠreceived.	 ﾠSteel	 ﾠfoil	 ﾠand	 ﾠnickel	 ﾠmesh	 ﾠwere	 ﾠpurchased	 ﾠfrom	 ﾠ
Strem.	 ﾠ	 ﾠ
Mini–Module	 ﾠFabrication	 ﾠCrystalline	 ﾠsilicon	 ﾠmini–modules	 ﾠwere	 ﾠfabricated	 ﾠ
using	 ﾠcommercially	 ﾠavailable	 ﾠsingle–junction	 ﾠCzochralski	 ﾠsilicon	 ﾠsolar	 ﾠcells	 ﾠwith	 ﾠ
stand–alone	 ﾠefficiencies	 ﾠof	 ﾠ18%.	 ﾠMini–cells	 ﾠwere	 ﾠcut	 ﾠout	 ﾠof	 ﾠcommercial	 ﾠsize	 ﾠwafers	 ﾠ
by	 ﾠlaser	 ﾠscribing	 ﾠwith	 ﾠa	 ﾠ1064	 ﾠnm	 ﾠpulsed	 ﾠlaser	 ﾠand	 ﾠmechanical	 ﾠcleaving.	 ﾠMini–cells	 ﾠ
were	 ﾠelectrically	 ﾠconnected	 ﾠvia	 ﾠsolar	 ﾠtabbing	 ﾠwire	 ﾠand	 ﾠsilver	 ﾠepoxy.	 ﾠThe	 ﾠmini–
module	 ﾠwas	 ﾠconstructed	 ﾠby	 ﾠsequentially	 ﾠlayering	 ﾠglass,	 ﾠEVA,	 ﾠsolar	 ﾠcells,	 ﾠand	 ﾠEVA.	 ﾠ
The	 ﾠglass	 ﾠmaintains	 ﾠstructural	 ﾠintegrity	 ﾠwhile	 ﾠEVA	 ﾠprovides	 ﾠwater	 ﾠprotection.	 ﾠThe	 ﾠ
mini–module	 ﾠwas	 ﾠencapsulated	 ﾠusing	 ﾠa	 ﾠdouble	 ﾠlayer	 ﾠvacuum	 ﾠpress	 ﾠheated	 ﾠto	 ﾠ120	 ﾠ°C.	 ﾠ
With	 ﾠthe	 ﾠmodule	 ﾠin	 ﾠthe	 ﾠlower	 ﾠchamber	 ﾠof	 ﾠthe	 ﾠvacuum	 ﾠpress,	 ﾠboth	 ﾠthe	 ﾠupper	 ﾠand	 ﾠ
lower	 ﾠchambers	 ﾠwere	 ﾠheld	 ﾠunder	 ﾠvacuum	 ﾠfor	 ﾠ5	 ﾠmin.	 ﾠThe	 ﾠupper	 ﾠchamber	 ﾠwas	 ﾠvented	 ﾠ
to	 ﾠatmospheric	 ﾠpressure	 ﾠfor	 ﾠ5	 ﾠmin	 ﾠto	 ﾠremove	 ﾠair	 ﾠbubbles	 ﾠthrough	 ﾠthe	 ﾠinduced	 ﾠ
pressure	 ﾠdifference	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠchambers.	 ﾠThe	 ﾠlower	 ﾠchamber	 ﾠwas	 ﾠvented	 ﾠand	 ﾠ	 ﾠ 92	 ﾠ
the	 ﾠmini–module	 ﾠwas	 ﾠallowed	 ﾠto	 ﾠcool	 ﾠto	 ﾠroom	 ﾠtemperature.	 ﾠExcess	 ﾠEVA	 ﾠwas	 ﾠ
removed	 ﾠand	 ﾠthe	 ﾠmini–module	 ﾠwas	 ﾠstored	 ﾠto	 ﾠprotect	 ﾠagainst	 ﾠmechanical	 ﾠand	 ﾠwater	 ﾠ
degradation.	 ﾠ
After	 ﾠlaser–cutting	 ﾠthe	 ﾠcommercial	 ﾠcells,	 ﾠconnecting	 ﾠfour	 ﾠin	 ﾠseries,	 ﾠand	 ﾠ
encapsulating	 ﾠthem	 ﾠwith	 ﾠethylene	 ﾠvinyl	 ﾠacetate,	 ﾠthe	 ﾠmini–module	 ﾠefficiency	 ﾠwas	 ﾠ
16%.	 ﾠThe	 ﾠequivalent	 ﾠmini–module	 ﾠfor	 ﾠa	 ﾠthree–cell	 ﾠseries	 ﾠis	 ﾠ15.8%.	 ﾠ	 ﾠ
Electrochemical	 ﾠmethods.	 ﾠElectrochemical	 ﾠexperiments	 ﾠwere	 ﾠperformed	 ﾠ
using	 ﾠa	 ﾠCH–Instruments	 ﾠ760D	 ﾠpotentiostat.	 ﾠFor	 ﾠthree–electrode	 ﾠmeasurements	 ﾠ
potentials	 ﾠwere	 ﾠmeasured	 ﾠagainst	 ﾠan	 ﾠAg/AgCl	 ﾠreference	 ﾠelectrode	 ﾠ(BASi)	 ﾠand	 ﾠ
converted	 ﾠto	 ﾠNHE	 ﾠby	 ﾠadding	 ﾠ0.197	 ﾠV.	 ﾠFor	 ﾠtwo	 ﾠelectrode	 ﾠexperiments	 ﾠthe	 ﾠworking	 ﾠ
electrode	 ﾠlead	 ﾠof	 ﾠthe	 ﾠpotentiostat	 ﾠwas	 ﾠconnected	 ﾠto	 ﾠthe	 ﾠanode	 ﾠand	 ﾠthe	 ﾠreference	 ﾠand	 ﾠ
auxiliary	 ﾠleads	 ﾠof	 ﾠthe	 ﾠpotentiostat	 ﾠwere	 ﾠconnected	 ﾠto	 ﾠthe	 ﾠcathode.	 ﾠ	 ﾠ
Catalyst	 ﾠformation.	 ﾠThe	 ﾠNiBi	 ﾠanode	 ﾠwas	 ﾠelectrodeposited	 ﾠin	 ﾠa	 ﾠtwo–
compartment	 ﾠelectrochemical	 ﾠcell	 ﾠwith	 ﾠa	 ﾠglass	 ﾠfrit	 ﾠjunction.	 ﾠThe	 ﾠworking	 ﾠ
compartment	 ﾠwas	 ﾠcharged	 ﾠwith	 ﾠ~25	 ﾠmL	 ﾠof	 ﾠ0.2	 ﾠM	 ﾠBi	 ﾠelectrolyte	 ﾠand	 ﾠ25	 ﾠmL	 ﾠof	 ﾠa	 ﾠ1	 ﾠmM	 ﾠ
Ni2+	 ﾠsolution.	 ﾠThe	 ﾠworking	 ﾠelectrode	 ﾠwas	 ﾠa	 ﾠsteel	 ﾠsubstrate,	 ﾠand	 ﾠthe	 ﾠNiBi	 ﾠcatalyst	 ﾠwas	 ﾠ
deposited	 ﾠby	 ﾠapplying	 ﾠa	 ﾠvoltage	 ﾠof	 ﾠ0.95	 ﾠV	 ﾠ(vs.	 ﾠAg/AgCl)	 ﾠfor	 ﾠ1	 ﾠh.	 ﾠTo	 ﾠimprove	 ﾠanode	 ﾠ
activity	 ﾠthe	 ﾠelectrodes	 ﾠwere	 ﾠthen	 ﾠanodized	 ﾠat	 ﾠ0.9	 ﾠV	 ﾠ(vs.	 ﾠAg/AgCl)	 ﾠin	 ﾠ1	 ﾠM	 ﾠKOH	 ﾠfor	 ﾠ1	 ﾠh	 ﾠ	 ﾠ
The	 ﾠNiMoZn	 ﾠcathode	 ﾠwas	 ﾠelectrodeposited	 ﾠfrom	 ﾠa	 ﾠsolution	 ﾠof	 ﾠnickel(II)	 ﾠ
chloride	 ﾠhexahydrate	 ﾠ(9.51	 ﾠg	 ﾠL–1),	 ﾠsodium	 ﾠmolybdate	 ﾠdihydrate	 ﾠ(4.84	 ﾠg	 ﾠL–1),	 ﾠ
anhydrous	 ﾠzinc	 ﾠchloride	 ﾠ(0.0409	 ﾠg	 ﾠL–1),	 ﾠtetrabasic	 ﾠsodium	 ﾠpyrophosphate	 ﾠ(34.57	 ﾠg	 ﾠ
L–1)	 ﾠand	 ﾠsodium	 ﾠbicarbonate	 ﾠ(74.77	 ﾠg	 ﾠL–1;	 ﾠVWR).	 ﾠHydrazine	 ﾠhydrate	 ﾠ(1.21	 ﾠmL	 ﾠL–1)	 ﾠ
was	 ﾠadded	 ﾠimmediately	 ﾠbefore	 ﾠplating.	 ﾠNiMoZn	 ﾠwas	 ﾠdeposited	 ﾠonto	 ﾠa	 ﾠNi	 ﾠmesh	 ﾠ	 ﾠ 93	 ﾠ
substrate	 ﾠthat	 ﾠhad	 ﾠbeen	 ﾠpre–treated	 ﾠat	 ﾠ2	 ﾠV	 ﾠvs.	 ﾠAg/AgCl	 ﾠin	 ﾠ0.5	 ﾠM	 ﾠH2SO4	 ﾠfor	 ﾠ3	 ﾠmin.	 ﾠThe	 ﾠ
NiMoZn	 ﾠalloy	 ﾠwas	 ﾠdeposited	 ﾠat	 ﾠa	 ﾠvoltage	 ﾠof	 ﾠ1.8	 ﾠV	 ﾠ(vs.	 ﾠAg/AgCl)	 ﾠfor	 ﾠ30	 ﾠmin.	 ﾠThe	 ﾠ
deposit	 ﾠwas	 ﾠleft	 ﾠto	 ﾠde–alloy	 ﾠovernight	 ﾠin	 ﾠ6	 ﾠM	 ﾠKOH.7,17	 ﾠ
NiBi	 ﾠproduct	 ﾠcrossover.	 ﾠH2	 ﾠoxidation	 ﾠat	 ﾠthe	 ﾠNiBi	 ﾠanode	 ﾠwas	 ﾠexamined	 ﾠvia	 ﾠ
the	 ﾠsteady–state	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠanode	 ﾠin	 ﾠAr	 ﾠsaturated	 ﾠand	 ﾠH2	 ﾠsaturated	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠ
K2SO4	 ﾠsolution	 ﾠat	 ﾠpH	 ﾠ9.2.	 ﾠThe	 ﾠamount	 ﾠof	 ﾠvoltage	 ﾠrequired	 ﾠto	 ﾠachieve	 ﾠa	 ﾠgiven	 ﾠsteady–
sate	 ﾠcurrent–density	 ﾠin	 ﾠboth	 ﾠcases	 ﾠwas	 ﾠthe	 ﾠsame	 ﾠindicating	 ﾠthat	 ﾠthe	 ﾠcontribution	 ﾠJOP	 ﾠ
as	 ﾠa	 ﾠconsequence	 ﾠof	 ﾠH2	 ﾠoxidation	 ﾠis	 ﾠnegligible.	 ﾠ	 ﾠ
Photoelectrochemical	 ﾠmeasurements.	 ﾠThe	 ﾠNiBi	 ﾠanode	 ﾠand	 ﾠNiMoZn	 ﾠ
cathode	 ﾠwere	 ﾠconnected	 ﾠin	 ﾠseries	 ﾠwith	 ﾠthe	 ﾠc–Si	 ﾠmini–module.	 ﾠThe	 ﾠlight	 ﾠsource	 ﾠwas	 ﾠa	 ﾠ
Sol	 ﾠ2A	 ﾠsolar	 ﾠsimulator	 ﾠ(Newport	 ﾠCorp.).	 ﾠThe	 ﾠcurrent	 ﾠthrough	 ﾠthe	 ﾠPV–EC	 ﾠdevice	 ﾠwas	 ﾠ
measured	 ﾠby	 ﾠusing	 ﾠthe	 ﾠpotentiostat	 ﾠas	 ﾠan	 ﾠammeter.	 ﾠIn	 ﾠall	 ﾠcases,	 ﾠthe	 ﾠarea	 ﾠused	 ﾠto	 ﾠ
convert	 ﾠcurrent	 ﾠto	 ﾠcurrent–density	 ﾠwas	 ﾠthe	 ﾠactive–area	 ﾠof	 ﾠthe	 ﾠc–Si	 ﾠmini–module.	 ﾠ
Additionally,	 ﾠthe	 ﾠgeometric	 ﾠarea	 ﾠof	 ﾠthe	 ﾠanode	 ﾠand	 ﾠcathode	 ﾠwas	 ﾠscaled	 ﾠto	 ﾠmatch	 ﾠthat	 ﾠ
of	 ﾠthe	 ﾠmini–module.	 ﾠFor	 ﾠlong–term	 ﾠstability	 ﾠmeasurements,	 ﾠfresh	 ﾠKBi	 ﾠbuffer	 ﾠsolution	 ﾠ
was	 ﾠadded	 ﾠin	 ﾠorder	 ﾠto	 ﾠmaintain	 ﾠthe	 ﾠsolution	 ﾠlost	 ﾠto	 ﾠevaporation	 ﾠas	 ﾠwell	 ﾠas	 ﾠpH.	 ﾠ	 ﾠ
Gas	 ﾠquantification.	 ﾠThe	 ﾠFaradaic	 ﾠefficiency	 ﾠfor	 ﾠeach	 ﾠelectrode	 ﾠwas	 ﾠevaluated	 ﾠ
using	 ﾠgas	 ﾠchromatography.	 ﾠThe	 ﾠexperiment	 ﾠwas	 ﾠperformed	 ﾠgalvanostatically	 ﾠusing	 ﾠa	 ﾠ
three–electrode	 ﾠconfiguration	 ﾠin	 ﾠa	 ﾠcustom	 ﾠbuilt	 ﾠtwo–compartment	 ﾠgas–tight	 ﾠ
electrochemical	 ﾠcell.	 ﾠThe	 ﾠworking	 ﾠelectrode	 ﾠwas	 ﾠeither	 ﾠNiBi	 ﾠon	 ﾠa	 ﾠsteel	 ﾠsubstrate	 ﾠfor	 ﾠ
O2	 ﾠquantification,	 ﾠor	 ﾠNiMoZn	 ﾠon	 ﾠa	 ﾠnickel	 ﾠmesh	 ﾠsubstrate	 ﾠfor	 ﾠH2	 ﾠquantification.	 ﾠThe	 ﾠ
working	 ﾠelectrode	 ﾠoperated	 ﾠat	 ﾠa	 ﾠconstant	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠ10	 ﾠmA	 ﾠcm–2	 ﾠfor	 ﾠ2	 ﾠh.	 ﾠ
During	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠthe	 ﾠexperiment,	 ﾠsamples	 ﾠof	 ﾠevolved	 ﾠgas	 ﾠwere	 ﾠremoved	 ﾠfrom	 ﾠthe	 ﾠ	 ﾠ 94	 ﾠ
headspace	 ﾠand	 ﾠinjected	 ﾠinto	 ﾠthe	 ﾠGC.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠensure	 ﾠthat	 ﾠthe	 ﾠevolved	 ﾠgas	 ﾠreached	 ﾠ
a	 ﾠsteady	 ﾠstate	 ﾠvalue	 ﾠin	 ﾠthe	 ﾠheadspace,	 ﾠGC	 ﾠmeasurements	 ﾠwere	 ﾠrecorded	 ﾠfor	 ﾠ1	 ﾠh	 ﾠafter	 ﾠ
cessation	 ﾠof	 ﾠelectrolysis.	 ﾠThe	 ﾠdata	 ﾠwas	 ﾠconverted	 ﾠinto	 ﾠpartial	 ﾠpressure	 ﾠof	 ﾠgas	 ﾠin	 ﾠthe	 ﾠ
headspace	 ﾠusing	 ﾠcalibration	 ﾠcurves	 ﾠdefined	 ﾠfrom	 ﾠknown	 ﾠmixtures	 ﾠof	 ﾠH2/N2	 ﾠor	 ﾠO2/N2.	 ﾠ
The	 ﾠpartial	 ﾠpressure	 ﾠof	 ﾠgas	 ﾠwas	 ﾠconverted	 ﾠto	 ﾠµmol,	 ﾠand	 ﾠcorrected	 ﾠusing	 ﾠHenry’s	 ﾠlaw	 ﾠ
to	 ﾠaccount	 ﾠfor	 ﾠthe	 ﾠgas	 ﾠdissolved	 ﾠin	 ﾠsolution.	 ﾠThe	 ﾠtotal	 ﾠcharge	 ﾠpassed	 ﾠduring	 ﾠ
electrolysis	 ﾠwas	 ﾠdivided	 ﾠby	 ﾠnF	 ﾠ(n	 ﾠcorresponding	 ﾠto	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠelectrons	 ﾠin	 ﾠeach	 ﾠ
half	 ﾠreaction)	 ﾠto	 ﾠfurnish	 ﾠthe	 ﾠcalculated	 ﾠgas	 ﾠyield.	 ﾠThe	 ﾠtotal	 ﾠcalculated	 ﾠand	 ﾠ
experimental	 ﾠgas	 ﾠyields	 ﾠwere	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠFaradaic	 ﾠefficiency.	 ﾠ	 ﾠ	 ﾠ 95	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5.1	 ﾠIntroduction	 ﾠ
The	 ﾠprevious	 ﾠchapters	 ﾠpresent	 ﾠa	 ﾠcompletely	 ﾠmodular	 ﾠproof–of–concept	 ﾠ
approach	 ﾠfor	 ﾠdirect	 ﾠsolar–to–fuels	 ﾠconversion	 ﾠusing	 ﾠall	 ﾠearth–abundant	 ﾠand	 ﾠ
technology	 ﾠready	 ﾠmaterials.	 ﾠStand–alone	 ﾠphotovoltaic–electrochemical	 ﾠ(PV–EC)	 ﾠ
devices	 ﾠhave	 ﾠbeen	 ﾠcreated	 ﾠwith	 ﾠfew	 ﾠdesign	 ﾠconstraints	 ﾠon	 ﾠeach	 ﾠcomponent.	 ﾠ
Continued	 ﾠadvances	 ﾠmay	 ﾠbe	 ﾠmade	 ﾠwith	 ﾠconsideration	 ﾠof	 ﾠalternative	 ﾠmaterials	 ﾠand	 ﾠ
concepts	 ﾠfor	 ﾠvarious	 ﾠcomponents	 ﾠof	 ﾠa	 ﾠPV–EC	 ﾠdesign.	 ﾠGiven	 ﾠthe	 ﾠversatility	 ﾠof	 ﾠutilizing	 ﾠ
buried–junction	 ﾠphotovoltaics,	 ﾠmodifications	 ﾠto	 ﾠthe	 ﾠPV–EC	 ﾠdesign	 ﾠare	 ﾠ
straightforward.	 ﾠThe	 ﾠfollowing	 ﾠchapter	 ﾠdiscusses	 ﾠalternative	 ﾠconcepts	 ﾠand	 ﾠ
preliminary	 ﾠresults	 ﾠfor	 ﾠeach	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠPV–EC	 ﾠdevice,	 ﾠwhich	 ﾠmay	 ﾠallow	 ﾠfor	 ﾠ
further	 ﾠimprovements	 ﾠin	 ﾠefficiency,	 ﾠcost	 ﾠreduction,	 ﾠand	 ﾠdesign	 ﾠintegration.	 ﾠ	 ﾠ
	 ﾠ
5.2	 ﾠAlternative	 ﾠPV	 ﾠmaterials	 ﾠ
Although	 ﾠcrystalline	 ﾠsilicon	 ﾠ(c–Si)	 ﾠis	 ﾠa	 ﾠhigh	 ﾠquality	 ﾠmaterial	 ﾠand	 ﾠis	 ﾠan	 ﾠ
economically	 ﾠviable	 ﾠPV	 ﾠresource,	 ﾠthe	 ﾠfact	 ﾠthat	 ﾠthe	 ﾠsolar–to–electrical	 ﾠpower	 ﾠ
efficiency	 ﾠis	 ﾠreaching	 ﾠits	 ﾠthermodynamic	 ﾠlimit	 ﾠsets	 ﾠa	 ﾠceiling	 ﾠon	 ﾠdrastic	 ﾠ
improvements	 ﾠin	 ﾠSFE.1,2	 ﾠAdditionally,	 ﾠa	 ﾠlarge	 ﾠportion	 ﾠof	 ﾠthe	 ﾠcurrent	 ﾠprice	 ﾠfor	 ﾠc–Si	 ﾠPV	 ﾠ
modules	 ﾠis	 ﾠencumbered	 ﾠby	 ﾠbalance	 ﾠof	 ﾠsystems	 ﾠcosts	 ﾠ(BOS)	 ﾠas	 ﾠopposed	 ﾠto	 ﾠthe	 ﾠprice	 ﾠof	 ﾠ
silicon	 ﾠitself,	 ﾠand	 ﾠit	 ﾠremains	 ﾠunclear	 ﾠif	 ﾠthese	 ﾠBOS	 ﾠcosts	 ﾠcan	 ﾠbe	 ﾠsignificantly	 ﾠreduced.3,4	 ﾠ
Very	 ﾠrecently,	 ﾠthin–film	 ﾠPV’s	 ﾠconsisting	 ﾠof	 ﾠa	 ﾠperovskite	 ﾠabsorber,	 ﾠtypically	 ﾠ
CH3NH3PbX3	 ﾠ(X	 ﾠ=	 ﾠBr,	 ﾠI),	 ﾠsandwiched	 ﾠbetween	 ﾠa	 ﾠTiO2	 ﾠelectron	 ﾠconducting	 ﾠlayer	 ﾠand	 ﾠ
an	 ﾠorganic	 ﾠhole	 ﾠtransporting	 ﾠmaterial	 ﾠ(typically	 ﾠspiro–OMeTAD),	 ﾠhave	 ﾠemerged	 ﾠas	 ﾠa	 ﾠ
formidable	 ﾠalternative	 ﾠto	 ﾠc–Si	 ﾠPV’s.	 ﾠPerovskite	 ﾠPV’s	 ﾠwere	 ﾠfirst	 ﾠintroduced	 ﾠin	 ﾠ2009.5	 ﾠ	 ﾠ 100	 ﾠ
Since	 ﾠthat	 ﾠtime,	 ﾠlaboratory	 ﾠscale	 ﾠcells	 ﾠhave	 ﾠshown	 ﾠa	 ﾠrapid	 ﾠimprovement	 ﾠin	 ﾠsolar–to–
electrical	 ﾠpower	 ﾠefficiency	 ﾠfrom	 ﾠ10%	 ﾠin	 ﾠ2012	 ﾠto	 ﾠa	 ﾠrecord	 ﾠ19.3%%;6,7	 ﾠa	 ﾠband–gap	 ﾠof	 ﾠ
~1.5	 ﾠeV	 ﾠwith	 ﾠa	 ﾠpredicted	 ﾠpractical	 ﾠefficiency	 ﾠof	 ﾠ20%	 ﾠspeaks	 ﾠto	 ﾠtheir	 ﾠpromise	 ﾠas	 ﾠa	 ﾠ
future	 ﾠPV	 ﾠmaterial.8	 ﾠMoreover,	 ﾠperovskite	 ﾠPVs	 ﾠcan	 ﾠbe	 ﾠconstructed	 ﾠfrom	 ﾠvarious	 ﾠlow–
cost	 ﾠliquid	 ﾠphase	 ﾠchemical	 ﾠreactions	 ﾠand	 ﾠdeposition	 ﾠmethods	 ﾠsuch	 ﾠas	 ﾠspin–coating	 ﾠ
or	 ﾠspray–pyrolysis.9	 ﾠAlthough	 ﾠyet	 ﾠto	 ﾠbe	 ﾠimplemented	 ﾠon	 ﾠcommercial	 ﾠscale,	 ﾠthe	 ﾠ
estimated	 ﾠcost	 ﾠfor	 ﾠa	 ﾠperovskite	 ﾠsolar	 ﾠcell	 ﾠcould	 ﾠbe	 ﾠas	 ﾠlow	 ﾠas	 ﾠ$0.30	 ﾠWP–1.10	 ﾠ
Despite	 ﾠthe	 ﾠswift	 ﾠemergence	 ﾠof	 ﾠhigh	 ﾠefficiency	 ﾠperovskite	 ﾠPVs,	 ﾠcurrent	 ﾠ
drawbacks	 ﾠinclude	 ﾠscalability,	 ﾠstability,	 ﾠand	 ﾠenvironmental	 ﾠsafety.	 ﾠ	 ﾠCurrently,	 ﾠmost	 ﾠ
of	 ﾠthe	 ﾠhigh	 ﾠefficiency	 ﾠperovskite	 ﾠPV’s	 ﾠhave	 ﾠonly	 ﾠbeen	 ﾠdemonstrated	 ﾠto	 ﾠperform	 ﾠon	 ﾠ
small	 ﾠscales	 ﾠof	 ﾠ0.1	 ﾠcm2	 ﾠor	 ﾠless.11	 ﾠLarger	 ﾠscales	 ﾠdevices	 ﾠresult	 ﾠin	 ﾠlower	 ﾠfill	 ﾠfactors,	 ﾠ
decreasing	 ﾠthe	 ﾠPV	 ﾠefficiency.	 ﾠThe	 ﾠreason	 ﾠfor	 ﾠthe	 ﾠloss	 ﾠin	 ﾠfil–factors	 ﾠis	 ﾠunclear,	 ﾠbut	 ﾠit	 ﾠis	 ﾠ
proposed	 ﾠthat	 ﾠit	 ﾠdue	 ﾠto	 ﾠseries	 ﾠresistance	 ﾠthrough	 ﾠthe	 ﾠdevice.12	 ﾠAdditionally	 ﾠsince	 ﾠ
perovskites	 ﾠare	 ﾠwater–soluble,	 ﾠthere	 ﾠis	 ﾠconcern	 ﾠabout	 ﾠthe	 ﾠlong–term	 ﾠoperation	 ﾠtime	 ﾠ
and	 ﾠthe	 ﾠpossibility	 ﾠof	 ﾠPb	 ﾠleaking	 ﾠinto	 ﾠthe	 ﾠenvironment.	 ﾠSubstitution	 ﾠof	 ﾠSn2+	 ﾠfor	 ﾠPb2+	 ﾠ
is	 ﾠpromising	 ﾠfrom	 ﾠthe	 ﾠviewpoint	 ﾠof	 ﾠtoxicity,	 ﾠbut	 ﾠSn–based	 ﾠperovskites	 ﾠso	 ﾠfar	 ﾠhave	 ﾠ
only	 ﾠbeen	 ﾠstable	 ﾠin	 ﾠa	 ﾠnitrogen	 ﾠenvironment	 ﾠand	 ﾠhave	 ﾠyet	 ﾠto	 ﾠreach	 ﾠefficiencies	 ﾠclose	 ﾠ
to	 ﾠthe	 ﾠPb–based	 ﾠdevices.13,14	 ﾠ
For	 ﾠsolar–water–splitting	 ﾠapplications,	 ﾠperovskites	 ﾠshould	 ﾠbe	 ﾠinvestigated.	 ﾠIn	 ﾠ
order	 ﾠto	 ﾠuse	 ﾠperovskite	 ﾠPVs	 ﾠeither	 ﾠa	 ﾠseries–connected	 ﾠapproach	 ﾠcan	 ﾠbe	 ﾠadopted	 ﾠor	 ﾠ
alternatively	 ﾠperovskites	 ﾠcould	 ﾠbe	 ﾠused	 ﾠthe	 ﾠtop	 ﾠcell	 ﾠin	 ﾠa	 ﾠtandem	 ﾠconfiguration.	 ﾠFor	 ﾠ
example	 ﾠa	 ﾠperovskite–silicon	 ﾠtandem	 ﾠPV	 ﾠconstructed	 ﾠfrom	 ﾠa	 ﾠ17%	 ﾠefficient	 ﾠ
perovskite	 ﾠPV	 ﾠand	 ﾠa	 ﾠ23–24%	 ﾠc–Si	 ﾠsolar	 ﾠcell	 ﾠcould	 ﾠproduce	 ﾠa	 ﾠ29.6%	 ﾠPV	 ﾠefficiency.15	 ﾠ	 ﾠ 101	 ﾠ
These	 ﾠproperties	 ﾠsuggest	 ﾠthat	 ﾠthese	 ﾠmaterials	 ﾠcombined	 ﾠin	 ﾠa	 ﾠburied	 ﾠjunction	 ﾠ
approach	 ﾠmay	 ﾠbe	 ﾠa	 ﾠvery	 ﾠpromising	 ﾠfuture	 ﾠline	 ﾠof	 ﾠinquiry.	 ﾠ
	 ﾠ
5.3	 ﾠAlternative	 ﾠcatalyst	 ﾠdeposition	 ﾠmethods	 ﾠ
So	 ﾠfar	 ﾠthe	 ﾠresearch	 ﾠour	 ﾠgroup	 ﾠhas	 ﾠfocused	 ﾠon	 ﾠsolution–based	 ﾠ
electrodeposition	 ﾠof	 ﾠCo,	 ﾠNi,	 ﾠand	 ﾠMn	 ﾠoxygen	 ﾠevolution	 ﾠcatalysts	 ﾠ(OECs)	 ﾠand	 ﾠNiMoZn	 ﾠ
alloys	 ﾠfor	 ﾠhydrogen	 ﾠevolution	 ﾠcatalyst	 ﾠ(HECs).	 ﾠYears	 ﾠof	 ﾠresearch	 ﾠhas	 ﾠgiven	 ﾠinsight	 ﾠon	 ﾠ
film	 ﾠformation	 ﾠand	 ﾠoptimization	 ﾠof	 ﾠcatalyst	 ﾠactivity.16–20	 ﾠHowever,	 ﾠdue	 ﾠto	 ﾠthe	 ﾠhighly	 ﾠ
oxidizing	 ﾠor	 ﾠreducing	 ﾠconditions	 ﾠrequired	 ﾠfor	 ﾠelectrodeposition	 ﾠmethods,	 ﾠit	 ﾠmay	 ﾠnot	 ﾠ
always	 ﾠbe	 ﾠthe	 ﾠmost	 ﾠviable	 ﾠoption	 ﾠfor	 ﾠdirect	 ﾠintegration	 ﾠof	 ﾠcatalysts	 ﾠwith	 ﾠPV	 ﾠ
materials.	 ﾠAn	 ﾠalternative	 ﾠapproach	 ﾠfor	 ﾠcatalyst	 ﾠdeposition,	 ﾠvapor	 ﾠdeposition	 ﾠ
techniques	 ﾠsuch	 ﾠas	 ﾠatomic–layer	 ﾠdeposition	 ﾠ(ALD),	 ﾠchemical	 ﾠvapor	 ﾠdeposition	 ﾠ
(CVD),	 ﾠelectron–beam	 ﾠdeposition	 ﾠ(E–beam),	 ﾠand	 ﾠsputtering	 ﾠmay	 ﾠbe	 ﾠan	 ﾠinteresting	 ﾠ
approach	 ﾠfor	 ﾠcatalyst	 ﾠintegration	 ﾠto	 ﾠthe	 ﾠPV.	 ﾠVapor–deposition	 ﾠtechniques	 ﾠfor	 ﾠdirect	 ﾠ
integration	 ﾠof	 ﾠcatalysts	 ﾠwith	 ﾠPV	 ﾠdevices	 ﾠare	 ﾠsuperior	 ﾠin	 ﾠterms	 ﾠof	 ﾠcontrolling	 ﾠfilm	 ﾠ
thickness	 ﾠand	 ﾠconformity.	 ﾠAdditionally,	 ﾠvapor–deposition	 ﾠtechniques	 ﾠand	 ﾠmay	 ﾠbe	 ﾠ
better	 ﾠin	 ﾠterms	 ﾠof	 ﾠhigh	 ﾠthroughput	 ﾠmanufacturing.	 ﾠRecently	 ﾠE–beam	 ﾠevaporation	 ﾠ
and	 ﾠALD	 ﾠhave	 ﾠbeen	 ﾠused	 ﾠto	 ﾠdeposit	 ﾠultra–thin	 ﾠnickel	 ﾠor	 ﾠcobalt	 ﾠfilms	 ﾠonto	 ﾠsilicon	 ﾠand	 ﾠ
function	 ﾠas	 ﾠboth	 ﾠa	 ﾠprotective	 ﾠlayer	 ﾠand	 ﾠupon	 ﾠoxidation	 ﾠan	 ﾠOER	 ﾠcatalyst.21–23	 ﾠ
Interestingly,	 ﾠit	 ﾠhas	 ﾠalso	 ﾠbeen	 ﾠobserved	 ﾠthat	 ﾠthe	 ﾠoxidation	 ﾠof	 ﾠsuch	 ﾠcrystalline	 ﾠcobalt	 ﾠ
and	 ﾠnickel	 ﾠfilms	 ﾠused	 ﾠfor	 ﾠOER	 ﾠcatalysts	 ﾠbecome	 ﾠamorphous	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠ
operation	 ﾠand	 ﾠthen	 ﾠresemble	 ﾠelectrodeposited	 ﾠversions	 ﾠof	 ﾠCo	 ﾠor	 ﾠNi–OEC’s	 ﾠdeveloped	 ﾠ
in	 ﾠour	 ﾠlab.21,24,25	 ﾠThese	 ﾠstructural	 ﾠchanges	 ﾠare	 ﾠimportant	 ﾠsince	 ﾠamorphous	 ﾠ	 ﾠ 102	 ﾠ
electrodeposited	 ﾠOECs	 ﾠare	 ﾠknown	 ﾠto	 ﾠexhibit	 ﾠa	 ﾠporous	 ﾠfilm	 ﾠmorphology.	 ﾠTherefore,	 ﾠ
while	 ﾠa	 ﾠcompact	 ﾠvapor–deposited	 ﾠfilm	 ﾠmay	 ﾠinitially	 ﾠappear	 ﾠpromising	 ﾠas	 ﾠa	 ﾠdual	 ﾠ
protective–layer	 ﾠand	 ﾠcatalyst	 ﾠmaterial,	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠoperation	 ﾠtime	 ﾠit	 ﾠmay	 ﾠ
become	 ﾠporous	 ﾠto	 ﾠexpose	 ﾠthe	 ﾠunderlying	 ﾠPV.	 ﾠIt	 ﾠis	 ﾠimportant	 ﾠto	 ﾠdetermine	 ﾠif	 ﾠthe	 ﾠ
vapor–deposited	 ﾠfilms	 ﾠwill	 ﾠdemonstrate	 ﾠthe	 ﾠsame	 ﾠelectrochemical	 ﾠactivity	 ﾠas	 ﾠthe	 ﾠ
electrodeposited	 ﾠversions	 ﾠand	 ﾠif	 ﾠstructural	 ﾠchanges	 ﾠoccur	 ﾠover	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠ
operation	 ﾠtime.	 ﾠ	 ﾠ
Preliminary	 ﾠstudies	 ﾠhave	 ﾠevaluated	 ﾠthe	 ﾠcatalytic	 ﾠactivity	 ﾠvia	 ﾠTafel	 ﾠanalysis	 ﾠfor	 ﾠ
water–oxidation	 ﾠof	 ﾠa	 ﾠsputtered	 ﾠNiFeO	 ﾠfilm.	 ﾠTafel	 ﾠanalysis	 ﾠshows	 ﾠthat	 ﾠthis	 ﾠcatalyst	 ﾠ
achieves	 ﾠa	 ﾠ45	 ﾠmV	 ﾠdecade–1	 ﾠTafel	 ﾠslope	 ﾠmaking	 ﾠit	 ﾠa	 ﾠhighly	 ﾠactive	 ﾠOER	 ﾠcatalyst.	 ﾠOf	 ﾠ
significance,	 ﾠin	 ﾠcontrast	 ﾠto	 ﾠthe	 ﾠelectrodeposited	 ﾠCo,	 ﾠNi,	 ﾠand	 ﾠMn–OECs,	 ﾠwhich	 ﾠare	 ﾠ	 ﾠ 103	 ﾠ
porous	 ﾠin	 ﾠnature,	 ﾠNiFeO	 ﾠappears	 ﾠto	 ﾠshow	 ﾠlittle	 ﾠimprovement	 ﾠin	 ﾠactivity	 ﾠwith	 ﾠ
increased	 ﾠcatalyst	 ﾠthickness	 ﾠ(Fig.	 ﾠ5.1)	 ﾠimplying	 ﾠthat	 ﾠthe	 ﾠsputtered	 ﾠNiFeO	 ﾠcatalyst	 ﾠis	 ﾠa	 ﾠ
very	 ﾠdense	 ﾠfilm	 ﾠ(Fig	 ﾠ5.1	 ﾠinset).	 ﾠAdditionally	 ﾠinitial	 ﾠresults	 ﾠalso	 ﾠshow	 ﾠthat	 ﾠthe	 ﾠNiFeO	 ﾠ
catalyst	 ﾠdemonstrates	 ﾠdifferent	 ﾠcatalytic	 ﾠactivity	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠoperational	 ﾠpH	 ﾠof	 ﾠ
the	 ﾠsolution	 ﾠindicating	 ﾠthat	 ﾠcatalyst	 ﾠactivity	 ﾠand	 ﾠtherefore	 ﾠlikely	 ﾠthe	 ﾠmechanism	 ﾠ
changes	 ﾠwith	 ﾠpH	 ﾠ(Fig	 ﾠ5.2).	 ﾠThis	 ﾠunusual	 ﾠbehavior	 ﾠsuggests	 ﾠthat	 ﾠfurther	 ﾠanalysis	 ﾠis	 ﾠ
	 ﾠ
Figure	 ﾠ5.1	 ﾠTafel	 ﾠplot	 ﾠof	 ﾠa	 ﾠsputtered	 ﾠNiFeO	 ﾠOER	 ﾠcatalyst	 ﾠoperating	 ﾠin	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠ/	 ﾠ
1.5M	 ﾠKNO3	 ﾠpH	 ﾠ9.2.	 ﾠA	 ﾠTafel	 ﾠslope	 ﾠof	 ﾠ45	 ﾠmV	 ﾠdecade–1	 ﾠis	 ﾠobserved	 ﾠfor	 ﾠa	 ﾠ50nm	 ﾠ(∎),	 ﾠ
100nm	 ﾠ(●) and	 ﾠ200nm	 ﾠ(▲)	 ﾠthick	 ﾠNiFeO	 ﾠfilm.	 ﾠInset:	 ﾠSEM	 ﾠimage	 ﾠof	 ﾠa	 ﾠNiFeO	 ﾠshows	 ﾠa	 ﾠ
very	 ﾠdense,	 ﾠcompact	 ﾠfilm.	 ﾠ	 ﾠ	 ﾠ 104	 ﾠ
required	 ﾠto	 ﾠfully	 ﾠhow	 ﾠthis	 ﾠdense	 ﾠcatalyst	 ﾠoperates.	 ﾠ
	 ﾠ
Previous work has shown that the CoPi catalyst can be made by first 
sputtering a thick film of metallic cobalt (800 nm) followed by subsequent 
electrochemical anodization in phosphate buffer.
26–28 However, the catalytic 
activity of the films formed from metallic cobalt exhibited inferior activity as 
compared to those made from solution electrodeposition. We ascribe this 
difference in behavior to slow charge transport through the thick films.	 ﾠStudies on 
electrodeposited Co–OEC’s showed that (a) the structure and thickness influences 
the charge transfer through the films, and (b) films deposited from borate 
	 ﾠ
Figure	 ﾠ5.2	 ﾠTafel	 ﾠplots	 ﾠof	 ﾠ200	 ﾠnm	 ﾠthick	 ﾠNiFeO	 ﾠ(81%	 ﾠmol	 ﾠNi,	 ﾠ19%	 ﾠmol	 ﾠFe)	 ﾠon	 ﾠNi–
coated	 ﾠglass	 ﾠoperated	 ﾠin	 ﾠ(▲)	 ﾠ0.2	 ﾠM	 ﾠKPi,	 ﾠpH	 ﾠ7.0,	 ﾠ92	 ﾠmV	 ﾠdecade–1	 ﾠslope;	 ﾠ(■)	 ﾠ0.2	 ﾠM	 ﾠKBi,	 ﾠ
pH	 ﾠ9.3,	 ﾠ61	 ﾠmV	 ﾠdecade–1	 ﾠslope;	 ﾠ(●)	 ﾠ1.0	 ﾠM	 ﾠKOH,	 ﾠpH	 ﾠ13.9,	 ﾠ45	 ﾠmV	 ﾠdecade–1	 ﾠslope.	 ﾠ	 ﾠ 105	 ﾠ
solutions, rather than phosphate, produce films with an extended structure that 
improves charge transfer through the film.
17,20,29,30	 ﾠPreliminary results show that 
the same is true when forming the Co–OEC from metallic films. Anodizing the 
metallic film in KBi as opposed to KPi solution,	 ﾠlowers the Tafel slope from 100
 
to 60 mV/decade, which matches the activity of the electrodeposited catalyst (Fig. 
	 ﾠ
Figure	 ﾠ 5.3	 ﾠ Tafel	 ﾠ analysis	 ﾠ of	 ﾠ Co–OEC	 ﾠ films	 ﾠ formed	 ﾠ and	 ﾠ operated	 ﾠ in	 ﾠ KBi	 ﾠ(●)	 ﾠ as	 ﾠ
opposed	 ﾠto	 ﾠKPi	 ﾠ(●)	 ﾠsolution.	 ﾠ	 ﾠThe	 ﾠfilms	 ﾠformed	 ﾠfrom	 ﾠKBi	 ﾠexhibit	 ﾠa	 ﾠlower	 ﾠTafel	 ﾠslope	 ﾠ
and	 ﾠtherefore	 ﾠdemonstrate	 ﾠhigher	 ﾠactivity	 ﾠthan	 ﾠthose	 ﾠformed	 ﾠin	 ﾠKPi.	 ﾠ	 ﾠ	 ﾠ 106	 ﾠ
5.3).	 ﾠ
 
Additionally, the activity of CoBi films made from metallic cobalt 
demonstrate an increase in catalytic activity with increased film thickness 
suggesting that the catalyst films do exhibit some porosity as opposed to 
terminating in a thin–layer on the surface of the metallic film (Fig. 5.4). Future 
work to define the parameters for precise control over films formed from vapor 
deposition techniques and their subsequent activity should be undertaken.  
 
5.4 Cell design  
	 ﾠ
Figure	 ﾠ5.4	 ﾠTafel	 ﾠanalysis	 ﾠof	 ﾠCo–OEC’s	 ﾠformed	 ﾠfrom	 ﾠanodizing	 ﾠmetallic	 ﾠcobalt	 ﾠin	 ﾠKBi	 ﾠ
solution.	 ﾠIn	 ﾠall	 ﾠcases	 ﾠthe	 ﾠCo–OEC	 ﾠexhibits	 ﾠa	 ﾠTafel	 ﾠslope	 ﾠof	 ﾠ60	 ﾠmV	 ﾠdecade–1,	 ﾠhowever	 ﾠ
starting	 ﾠ with	 ﾠ thicker	 ﾠ metallic	 ﾠ films	 ﾠ produces	 ﾠ Co–OEC’s	 ﾠ with	 ﾠ higher	 ﾠ activity	 ﾠthan	 ﾠ
thinner	 ﾠfilms.	 ﾠ	 ﾠ
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Since	 ﾠmany	 ﾠsemiconductors	 ﾠare	 ﾠunstable	 ﾠin	 ﾠstrongly	 ﾠacidic	 ﾠor	 ﾠbasic	 ﾠsolutions,	 ﾠ
working	 ﾠin	 ﾠmoderate	 ﾠpH	 ﾠregimes	 ﾠrelaxes	 ﾠthe	 ﾠstability	 ﾠconstraint	 ﾠon	 ﾠPV	 ﾠdevices.	 ﾠ
However,	 ﾠsolution	 ﾠresistance	 ﾠ(RSOL)	 ﾠis	 ﾠlow	 ﾠin	 ﾠstrongly	 ﾠacidic	 ﾠor	 ﾠbasic	 ﾠsolutions.	 ﾠDue	 ﾠ
to	 ﾠthe	 ﾠsolubility	 ﾠlimits	 ﾠof	 ﾠbuffers	 ﾠwhen	 ﾠworking	 ﾠunder	 ﾠmoderate	 ﾠpH	 ﾠconditions,	 ﾠthe	 ﾠ
concentrations	 ﾠof	 ﾠprotons	 ﾠand	 ﾠhydroxide	 ﾠions	 ﾠare	 ﾠquite	 ﾠlow	 ﾠand	 ﾠaddition	 ﾠof	 ﾠan	 ﾠinert	 ﾠ
salt	 ﾠ(i.e.	 ﾠa	 ﾠsupporting	 ﾠelectrolyte)	 ﾠis	 ﾠneeded	 ﾠto	 ﾠcarry	 ﾠthe	 ﾠionic	 ﾠcurrent.31,32	 ﾠHowever,	 ﾠ
as	 ﾠshown	 ﾠin	 ﾠChapter	 ﾠ4,	 ﾠuse	 ﾠof	 ﾠa	 ﾠsupporting	 ﾠelectrolyte	 ﾠstill	 ﾠdoesn’t	 ﾠcompete	 ﾠwith	 ﾠ
strong	 ﾠacids	 ﾠor	 ﾠbases	 ﾠin	 ﾠterms	 ﾠof	 ﾠminimizing	 ﾠsolution	 ﾠresistance.	 ﾠRecent	 ﾠ
developments	 ﾠhave	 ﾠshown	 ﾠthat	 ﾠutilization	 ﾠof	 ﾠnovel	 ﾠflow–cell	 ﾠdesigns	 ﾠcan	 ﾠcircumvent	 ﾠ
some	 ﾠof	 ﾠthe	 ﾠion–transport	 ﾠproblems	 ﾠimposed	 ﾠby	 ﾠsolution	 ﾠresistance.32	 ﾠMoreover,	 ﾠ
some	 ﾠcell	 ﾠconfigurations	 ﾠrequire	 ﾠthe	 ﾠuse	 ﾠof	 ﾠmembranes	 ﾠin	 ﾠorder	 ﾠto	 ﾠprevent	 ﾠmixing	 ﾠof	 ﾠ
of	 ﾠH2	 ﾠand	 ﾠO2	 ﾠwhich	 ﾠcould	 ﾠlead	 ﾠto	 ﾠsafety	 ﾠconcerns.	 ﾠTypically	 ﾠthese	 ﾠmembranes	 ﾠare	 ﾠ
either	 ﾠNafion	 ﾠor	 ﾠanion/cation	 ﾠexchange	 ﾠmembranes.31,32When	 ﾠintroducing	 ﾠa	 ﾠ
membrane	 ﾠadditional	 ﾠresistive	 ﾠlosses	 ﾠare	 ﾠimposed	 ﾠdue	 ﾠto	 ﾠthe	 ﾠadded	 ﾠresistance	 ﾠof	 ﾠthe	 ﾠ
membrane	 ﾠas	 ﾠwell	 ﾠas	 ﾠformation	 ﾠof	 ﾠundesirable	 ﾠconcentration	 ﾠgradients	 ﾠin	 ﾠthe	 ﾠanodic	 ﾠ
and	 ﾠcathodic	 ﾠcompartments.	 ﾠThese	 ﾠadditional	 ﾠcomponents	 ﾠincrease	 ﾠthe	 ﾠvoltage	 ﾠ
required	 ﾠfor	 ﾠwater–splitting	 ﾠas	 ﾠfollows:	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
𝑉   𝐽   = ﾠ𝑉   + ﾠ𝜂    𝐽   + ﾠ𝜂    𝐽   + ﾠ𝜂  𝐽   + ﾠ𝜂    𝐽  
+ 𝜂   𝐽   	 ﾠ
(5.1)	 ﾠ
	 ﾠ
where	 ﾠηMEM	 ﾠis	 ﾠthe	 ﾠmembrane	 ﾠresistance	 ﾠ	 ﾠand	 ﾠηpH	 ﾠis	 ﾠthe	 ﾠoverpotential	 ﾠcaused	 ﾠby	 ﾠpH	 ﾠ
gradients	 ﾠin	 ﾠsolution.	 ﾠIt	 ﾠhas	 ﾠbeen	 ﾠmodeled	 ﾠand	 ﾠdemonstrated	 ﾠthat	 ﾠηMEM	 ﾠcan	 ﾠbe	 ﾠ	 ﾠ 108	 ﾠ
optimized	 ﾠby	 ﾠmodifying	 ﾠthe	 ﾠthickness	 ﾠand	 ﾠporosity	 ﾠof	 ﾠthe	 ﾠmembrane.33,34	 ﾠHowever,	 ﾠa	 ﾠ
more	 ﾠelegant	 ﾠsolution	 ﾠis	 ﾠrequired	 ﾠin	 ﾠorder	 ﾠto	 ﾠprevent	 ﾠpH	 ﾠgradients	 ﾠfrom	 ﾠforming	 ﾠat	 ﾠ
the	 ﾠanode	 ﾠand	 ﾠcathode.	 ﾠ
Recently,	 ﾠwork	 ﾠby	 ﾠModestino	 ﾠet.	 ﾠal	 ﾠhas	 ﾠshown	 ﾠthat	 ﾠa	 ﾠflow–cell	 ﾠdesign	 ﾠwith	 ﾠa	 ﾠ
controlled	 ﾠrecirculating	 ﾠ	 ﾠstream	 ﾠcan	 ﾠprevent	 ﾠpH	 ﾠchanges	 ﾠbetween	 ﾠthe	 ﾠanode	 ﾠand	 ﾠ
cathode	 ﾠcompartments.32	 ﾠAdditionally,	 ﾠthey	 ﾠincorporated	 ﾠa	 ﾠPV–EC	 ﾠdevice	 ﾠconsisting	 ﾠ
of	 ﾠa	 ﾠhigh–efficiency	 ﾠtriple–junction	 ﾠGaInP2/GaAs/Ge	 ﾠsolar	 ﾠcell	 ﾠconnected	 ﾠto	 ﾠan	 ﾠ
iridium–oxide	 ﾠanode	 ﾠfor	 ﾠoxygen–evolution	 ﾠand	 ﾠa	 ﾠplatinum	 ﾠcathode	 ﾠon	 ﾠthe	 ﾠ
hydrogen–evolution,	 ﾠseparated	 ﾠby	 ﾠa	 ﾠthin	 ﾠNafion	 ﾠmembrane	 ﾠand	 ﾠ1M	 ﾠKBi	 ﾠas	 ﾠan	 ﾠ
	 ﾠ
Figure	 ﾠ 5.5	 ﾠThe	 ﾠcurrent	 ﾠdensity	 ﾠtraces	 ﾠshow	 ﾠthat	 ﾠrecirculating	 ﾠstreams	 ﾠallow	 ﾠthe	 ﾠ
device	 ﾠ to	 ﾠ function	 ﾠ stably	 ﾠ and	 ﾠ continuously	 ﾠ (purple	 ﾠ trace),	 ﾠ while	 ﾠ without	 ﾠ
recirculation	 ﾠthe	 ﾠdevice	 ﾠperformance	 ﾠdeteriorates	 ﾠas	 ﾠconcentration	 ﾠgradients	 ﾠform	 ﾠ
across	 ﾠ the	 ﾠ cell	 ﾠ and	 ﾠ ionic	 ﾠ species	 ﾠ are	 ﾠ depleted	 ﾠ in	 ﾠ the	 ﾠ oxygen–evolution	 ﾠ side(red	 ﾠ
trace).	 ﾠ The	 ﾠ inset	 ﾠ in	 ﾠ the	 ﾠ graph	 ﾠ corresponds	 ﾠ to	 ﾠ a	 ﾠ schematic	 ﾠ representation	 ﾠ of	 ﾠ the	 ﾠ
parallel–plate	 ﾠsolar–hydrogen	 ﾠgenerator.	 ﾠReprinted	 ﾠwith	 ﾠpermission	 ﾠfrom	 ﾠreference	 ﾠ
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electrolyte.	 ﾠUtilizing	 ﾠa	 ﾠcontrolled	 ﾠrecirculating	 ﾠstream	 ﾠbetween	 ﾠcompartments,	 ﾠthey	 ﾠ
showed	 ﾠthat	 ﾠpH	 ﾠgradients	 ﾠdidn’t	 ﾠform	 ﾠand	 ﾠdemonstrated	 ﾠa	 ﾠsolar–to–fuel	 ﾠefficiency	 ﾠof	 ﾠ
6.2%,	 ﾠthat	 ﾠoperated	 ﾠcontinuously	 ﾠfor	 ﾠ15	 ﾠhours	 ﾠ(Fig.	 ﾠ5.5).	 ﾠ
	 ﾠ
5.5	 ﾠConclusion	 ﾠ
	 ﾠ The	 ﾠfuture	 ﾠchallenges	 ﾠin	 ﾠsolar–water–splitting	 ﾠstem	 ﾠprimarily	 ﾠfrom	 ﾠlow–cost	 ﾠ
of	 ﾠPV	 ﾠand	 ﾠEC	 ﾠcomponents	 ﾠwhile	 ﾠintegrating	 ﾠall	 ﾠthe	 ﾠnecessary	 ﾠcomponents	 ﾠto	 ﾠ
produce	 ﾠa	 ﾠhigh	 ﾠefficiency	 ﾠand	 ﾠrobust	 ﾠsystem.	 ﾠAlternative	 ﾠmaterials,	 ﾠdesigns,	 ﾠand	 ﾠ
concepts	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠapplied	 ﾠto	 ﾠcreate	 ﾠnext	 ﾠgeneration	 ﾠPV–EC	 ﾠdevices.	 ﾠ	 ﾠ
	 ﾠ
5.6	 ﾠExperimental	 ﾠ
Electrochemical	 ﾠMethods.	 ﾠ	 ﾠElectrochemical	 ﾠexperiments	 ﾠwere	 ﾠperformed	 ﾠin	 ﾠ
a	 ﾠtwo–compartment	 ﾠelectrochemical	 ﾠcell	 ﾠusing	 ﾠa	 ﾠCH	 ﾠInstruments	 ﾠ760C	 ﾠor	 ﾠ760D	 ﾠ
potentiostat	 ﾠand	 ﾠan	 ﾠAg/AgCl	 ﾠreference	 ﾠelectrode	 ﾠ(BASi,	 ﾠMF–2052).	 ﾠAll	 ﾠelectrode	 ﾠ
potentials	 ﾠwere	 ﾠconverted	 ﾠto	 ﾠthe	 ﾠNHE	 ﾠscale	 ﾠusing	 ﾠE(NHE)	 ﾠ=	 ﾠE(Ag/AgCl)	 ﾠ+	 ﾠ0.197	 ﾠV.	 ﾠ
Platinum	 ﾠmesh	 ﾠ(Alfa	 ﾠAesar)	 ﾠwas	 ﾠused	 ﾠas	 ﾠthe	 ﾠauxiliary	 ﾠelectrode.	 ﾠUnless	 ﾠotherwise	 ﾠ
stated,	 ﾠthe	 ﾠelectrolyte	 ﾠwas	 ﾠ0.5	 ﾠM	 ﾠKBi	 ﾠat	 ﾠa	 ﾠpH	 ﾠof	 ﾠ9.2	 ﾠwith	 ﾠ1.5	 ﾠM	 ﾠKNO3	 ﾠas	 ﾠa	 ﾠsupporting	 ﾠ
electrolyte.	 ﾠ	 ﾠ
Catalyst	 ﾠFilm	 ﾠPreparation	 ﾠNiFeO	 ﾠcatalyst	 ﾠfilms	 ﾠwere	 ﾠdeposited	 ﾠby	 ﾠreactive	 ﾠ
sputtering	 ﾠusing	 ﾠthe	 ﾠAJA	 ﾠInternational	 ﾠsputtering	 ﾠsystem.	 ﾠFilms	 ﾠwere	 ﾠdeposited	 ﾠby	 ﾠ
reactive	 ﾠsputtering	 ﾠfrom	 ﾠan	 ﾠiron–doped	 ﾠnickel	 ﾠsputtering	 ﾠtarget	 ﾠ(19%	 ﾠFe)	 ﾠin	 ﾠan	 ﾠ
Ar:O2	 ﾠatmosphere	 ﾠof	 ﾠ3:1.35	 ﾠCo–OEC’s	 ﾠwere	 ﾠmade	 ﾠby	 ﾠsputtering	 ﾠmetallic	 ﾠcobalt	 ﾠonto	 ﾠa	 ﾠ
FTO	 ﾠelectrode.	 ﾠThe	 ﾠmetallic	 ﾠfilms	 ﾠwere	 ﾠanodized	 ﾠin	 ﾠeither	 ﾠ0.2M	 ﾠPi	 ﾠor	 ﾠ0.2M	 ﾠBi	 ﾠfor	 ﾠ20	 ﾠ	 ﾠ 110	 ﾠ
hours	 ﾠat	 ﾠa	 ﾠcurrent	 ﾠdensity	 ﾠof	 ﾠ1	 ﾠmA	 ﾠcm–2.	 ﾠThe	 ﾠfilms	 ﾠwere	 ﾠthen	 ﾠrinsed	 ﾠand	 ﾠsubsequent	 ﾠ
Tafel	 ﾠanalysis	 ﾠwas	 ﾠconducted	 ﾠin	 ﾠeither	 ﾠ1.0M	 ﾠKPi	 ﾠor	 ﾠKBi	 ﾠelectrolyte	 ﾠat	 ﾠpH	 ﾠ7	 ﾠor	 ﾠ9.2,	 ﾠ
respectively.	 ﾠ	 ﾠ
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